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Chapter 1
General introduction
THE CARBON CYCLE
The cyclic conversion of carbon by means of photosynthesis and microbial degradation is 
of utmost importance for all life on earth. The gain of this consecutive reduction and 
oxidation of carbon is the capture of solar enery which is then used for growth and 
maintenance of living cells. The fixation of carbon dioxide through oxygenic 
photosynthesis in our biosphere yields approximately 136 x 1015 g of dry plant material 
annually, representing Earth’s most abundant form of biomass (65). The major components 
of plant biomass are the structural polymers cellulose, hemicellulose and lignin (44, 93). 
The contents of these polymers in a number of materials is shown in Table 1. Additional 
important, but minor components of biomass are proteins, lipids, pectin and starch.
Table 1 Biomass constituents (from Gong et al. (44))
Type of material Hemicellulose
%
Cellulose
%
Lignin
%
Monocotyledons
Stems 25-50 25-40 10-30
Leaves 80-85 15-20 -
Fibres 5-20 80-95 -
Woods
Hardwood (angiosperms) 24-40 40-55 18-25
Softwood (gymnosperms) 25-35 45-50 25-35
Papers
Newspaper 25-40 40-55 18-30
Wastepaper 10-20 60-70 5-10
Waste fibres 20-30 60-80 2-10
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Fig. 1 Aerobic and anaerobic decomposition of organic material in the presence of different 
electron acceptors. 1: Oxygenic photosynthesis; 2: Anoxygenic photosynthesis.
The degradation of cellulosic biomass is almost exclusively carried out by microbial 
processes under both aerobic and anaerobic conditions (63, 65). Although the largest part 
of this biomass is oxidized by microorganisms under aerobic conditions, a substantial 
amount is degraded under anaerobic conditions (63, 65). In the latter case, the organic 
biomass is oxidized with inorganic electron acceptors such as carbon dioxide 
(methanogenesis), nitrate (nitrate reduction) or sulfate (sulfate reduction) (Fig. 1; 45). The 
anaerobic conversion of cellulose to methane makes up 5-10% of the total biodegradation 
of cellulose (32, 101). The production of methane from plant polymers occurs in a number 
of different habitats such as marshes, aquatic sediments, sewage sludge digesters, rice 
paddy fields and the digestive tract of many herbivorous mammals and arthropods (46, 52, 
63, 110). In the rumen of ruminants and the gastrointestinal tract of herbivorous mammals, 
cellulose decomposition is completely dependent on the presence of cellulolytic microorga­
nisms (52, 63). In contrast, in herbivorous arthropods the hydrolysis of cellulose may also 
be the result of their own enzymes (14, 17, 27, 66, 87). Among herbivorous arthropods, 
termites, cockroaches, scarab beetles and millipedes harbour methanogenic bacteria in their 
intestinal tract (46). In the intestinal tract of these arthropods a significant proportion of 
cellulose and hemicellulose is degraded and converted to short-chain fatty acids and 
methane (12, 53, 4, 50, 117). The global production of methane by termites has been 
estimated to account for 12-43 % of the total methane production world wide (118).
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Fig. 2 Anaerobic degradation of polymeric biomass to methane and the microbial groups involved 
(from Wolin and Miller (111)).
ANAEROBIC DEGRADATION OF PLANT POLYM ERS
In general, two types of methanogenic ecosystems can be distinguished. The first type of 
ecosystem exists in swamps, rice paddies or anaerobic sewage digestion systems, where 
plant polymers are completely converted into methane and carbon dioxide (Fig. 2; (109, 
111)). The second type, a partial conversion, is present in the rumen, the cecum or the 
intestine, where significant quantities of short-chain fatty acids, like acetic, propionic and 
butyric acids are produced (110). These fermentation products are absorbed into the blood 
stream and serve as a major energy source to the host (Fig. 3). The hydrogen produced 
during the fermentation reactions is used by methanogens to reduce carbon dioxide to 
methane. The main difference between the two ecosystems is the turnover time. In 
sediments, the turnover time for complete degradation of plant polymers rich in ligno- 
cellulose to methane, can be a week to months. In contrast, in the gastrointestinal tract of 
herbivorous mammals and insects, the turnover time is approximately one to two days. 
Short-chain fatty acids are end products in the latter ecosystems.
1
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Fig. 3 Biochemical reactions in the rumen. The end products are shown in boldface letters; dashed 
lines indicate minor pathways. Steady state levels of short-chain fatty acids (SCFA) are: acetate 
60 mM; propionate 20 mM; butyrate 10 mM (from Brock and Madigan (19)).
The anaerobic degradation of organic material is not a sequence of independent reactions, 
but it is characterized by a complex of mutual interactions between different microbial 
species. At least three interacting metabolic groups of anaerobic microorganisms can be 
distinguished: hydrolytic microorganisms, fermenting microorganisms and methanogens. 
The different steps wil be outlined below.
Hydrolysis
Since prokaryotic and most eukaryotic cells are unable to take up polymeric organic sub­
stances, the first step in the anaerobic conversion consists of the hydrolysis of these 
polymers into monomers with extracellular hydrolytic enzymes. Most polymers possessing 
a-glycosidic bonds, such as starch and glycogen are readily hydrolyzed by amylases. 
Pectins are easily degradable by pectinases or amylases (116), whereas proteases andpep- 
tidases are responsible for the hydrolysis of protein (18). Cellulose and hemicellulose are 
polymers that consists of B-glycosidic bonds, which are cleaved by enzymes called cellu- 
lases and hemicellulases, respectively. Cellulose, the predominant polymer of biomass, has 
been shown to be rather resistant to hydrolysis (7, 72), while it is assumed that lignin is 
not degraded under anaerobic conditions (54). The structure of the polymers cellulose and 
hemicellulose and the enzymes involved in their hydrolysis are described in more detail in 
a later section of this chapter.
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Acidogenesis and acetogenesis
The soluble products from hydrolysis of plant polymers are metabolized intracellularly by 
a complex consortium of microorganisms. Pyruvate, which is formed from hexoses or 
from other precursors, is a general intermediate in anaerobic fermentations and is 
subsequently fermented into various metabolic products (45, 81). The main end products 
are acetate, propionate, butyrate and H2/CO2, but minor amounts of formate, lactate, 
valerate, methanol, ethanol and butanediol or acetone may be produced. Since short-chain 
fatty acids (SCFA) are the main products of fermentative microorgansisms, they are 
usually
designated as acidifying or acidogenic microorganisms. Due to the presence of methan- 
ogens and/or other hydrogen consuming microorganisms, the hydrogen pressure in natural 
environments is kept low (< 10-4 atm). This affects the products formed by H2-generating 
microorganisms (98, 111). In some cases, hydrogen-generating microorganisms are unable 
to grow if hydrogen-consuming microorganisms, e.g. methanogens are absent. Such syn- 
trophic associations have been observed between acetogenic bacteria and methanogens. 
Under standard conditions, the production of acetate from propionate and butyrate is ther­
modynamically unfavourable (Table 2). These reactions can only proceed under low 
hydrogen pressure, i.e. if  the hydrogen produced is continuously removed by methanogens 
(92, 111). These kind of interactions between hydrogen-generating microorganisms and 
hydrogen consuming (hydrogenotrophic) methanogens has been named ’interspecies 
hydrogen transfer’ (101, 111).
Table 2 Free energies for conversion to acetate and H2 (from Wolin and Miller (111))
aG0 (kJ/reaction)a
Substrate io0
[Partial pressure of H2 (Atm)] 
10-4 10-5
Ethanol 9.6 -35.9 -47.3
Propionateb 76.1 7.9 -9.2
Butyrate
aT7 „ _3 _3
48.1 2.5 -8.8
aFor standard conditions at pH 7.0 at different partial pressures of H2. 
bBicarbonate formed in addition to acetate and H2.
M ethanogenesis
The final step in the anaerobic conversion of plant polymers into methane and carbon 
dioxide is catalysed by methanogenic bacteria. The metabolism of methanogens and the 
biochemistry of methanogenesis have been described in several reviews (10, 34, 92, 109). 
Methanogens utilize acetate and the C1-compounds CO2/H2, formate, methanol, 
methylsulfidess and methylamines (Table 3) . In sediments, about 70% of the methane 
produced comes from acetic acid, and about 30% comes from hydrogen and 
carbondioxide. Although the standard free energy change in the conversion of H2/CO2 to 
methane is much greater as compared to acetoclastic methane formation (Table 3), one has 
to consider that the hydrogen pressure in anaerobic digesters or in natural environments is 
usually very low. Consequently, the hydrogenotrophic reaction will yield considerably less
13
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energy (aG°’ about 35 kJ at a hydrogen pressure of 10-4 atm). Taking this into account, the 
energetics of methanogenesis from H2/CO2 or acetate probably do not differ much under 
non-standard conditions. In contrast, in gastrointestinal systems, only minor quantities of 
methane are produced from acetate (89). Due to their long generation times, acetoclastic 
methanogens do not sustain in systems that turnover in one or two days (111). This is also 
the reason why acetogenic bacteria, responsible for the production of acetate from e.g. 
propionic and butyric acids, do hardly survive in such gastrointestinal systems. Besides 
methanogenic bacteria, acetogenic bacteria reduce H2/CO2. Acetate is produced in the 
latter case. However this is only feasible at a relatively high hydrogen pressure (30). Since 
the hydrogen pressure is usually kept low due to the presence of methanogens, these 
organisms are probably of minor importance in the overall anaerobic digestion process in 
natural ecosystems. Nevertheless, in the gut of termites and the large intestine of pigs, 
significant amounts of acetate, rather than methane, are formed from carbon dioxide (13, 
15, 16, 29, 107, 59)
Table 3 Yield of energy in the conversion of different substrates to methane 
(from Blaut (10))
Substrates Products aG0’ (kJ/mole)
CO2 + 4H2 CH4 + 2H2O -130
CH3COO- + H+ c h 4 + CO2 -32
4HCOO- + 4H+ CH4 + 3CO2 + 2H2O -134
4CH3OH 3CH4 + CO2 + 2H2O -106
4(CH3)3NH+ + 6H2O 9CH4 + 3CO2 + 4NH+4 -76
4CH3SH + 2H2O 3CH4 + CO2 + 4H2S -51
Overall ra te  of hydrolysis
Since anaerobic digestion of plant material is a multistep process which involves the 
successive action of several metabolic diverse populations of microorganisms, the overall 
rate of substrate conversion is determined by the kinetic characteristics of the slowest step. 
Which of the steps is rate limiting depends to a large extent on the composition of the 
substrate. If soluble organic components are the main substrates, methanogenesis and 
acetogenesis have been identified as rate-limiting. This is a direct consequence of the long 
generation times of most bacteria involved (55, 63, 81, 111).
During the digestion of plant material rich in lignocellulose, the hydrolysis step governs 
the overall degradation rate (72). The generation time of the microorganisms and the level 
of cellulase production affect the rate of hydrolysis (72). The hydrolysis is also influenced 
by physical and chemical characteristics of the substrate, like the degree of crystallinity 
and surface area/particle size ratio (7). Furthermore, the efficiency of the anaerobic plant 
fibre degradation is reduced by a higher lignin content (22, 75). Nevertheless, several 
anaerobic ecosystems exist that efficiently degrade plant fibre rich material to methane, 
such as the rumen of ruminants and the gastrointestinal tract of some insects (52, 17). 
These herbivorous animals possess an enormous biotechnological potential in the 
application to anaerobic decomposition of solid organic waste (36). A number of anaerobic 
processes during which solid organic waste is converted to methane, are outlined below.
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ANAEROBIC DEGRADATION OF ORGANIC WASTE
A part of the photosynthetic biomass ends up as solid organic waste residues from 
agricultural, industrial and domestic processes. This so-called biowaste may contain up to 
70% of cellulose and hemicellulose (76), which at the same time constitutes an important 
source of renewable energy like biogas (methane and carbon dioxide) or fuel ethanol (1, 
62). In several European and American communities the biowaste is separated from the 
non-recycable fraction. This permits the formation of compost of high quality and reduces 
the need of landfilling with 50%. A limited number of anaerobic processes are developed 
during which biowaste is converted to methane. In Belgium, a Dry Anaerobic Composting 
(DRANCO) process was developed (35). During this process, biowaste is converted to 
energy (biogas) and Humotex, the organic residue which is used as potting substrate or 
soil conditioner. A similar anaerobic fermentation process was developed in the United 
states with a high-solids reactor (77, 78). In the so-called RUDAD-system, an enhanced 
conversion of pure cellulose into biogas was achieved by the application of rumen 
microorganisms in combination with a high-rate UASB-type methane reactor (38). Rumen 
microorganisms were also able to degrade considerable amounts of total plant fibres 
(NDF; up to 80-90%) of several lignocellulosic waste materials in an acidogenic reactor 
(37). However, the activity of rumen microorganisms is restricted to a narrow temparture 
range (35-40 °C). As an alternative, the microbial population from the intestinal tract of 
herbivorous insects, like cockroaches, termites or scarab beetles could be used in a similar 
anaerobic process, in which cellulosic waste materials are degraded to methane. The 
structure of cellulose and hemicellulose and the different mechanisms among insects to 
degrade structural polymers are decribed below.
STRUCTURAL PLANT POLYM ERS 
Cellulose
Cellulose is a linear polymer of up to 14.000 glucosyl residues which are linked by B-1,4 
bonds (Fig. 4). Each glucose residue is rotated 180°C relative to its neighbours, so that the 
basic repeating unit is in fact cellobiose. The parallel polyglucan chains form numerous 
intra- and intermolecular hydrogen bonds, which results in a highly ordered crystalline 
structure of native cellulose, interspersed with less ordered amorphous regions (65, 7). 
This crystallinity confers on cellulose fibrils a tensile strength, which enables plant cells to 
withstand osmotic pressure and is responsible for the resistance of plants to mechanical 
stress. Furthermore it contributes to the relative resistance of cellulose to hydrolysis (115). 
In the woody tissue of plants, cellulose is intimately associated with lignin. Lignin is an 
aromatic polymer, consisting of a variety of structurally related phenylpropanoid subunits, 
which are almost exclusively linked via ether or direct C-C bonds (28). This association 
negatively influences the biodegradation of cellulose (22). Lignin is highly resistant to 
biodegradation, which is assumed to occur only in the presence of molecular oxygen with 
the aid of peroxidases and oxidases (54). Delignification of the substrate by 
chemical/physical (alkaline) or biological (use of fungal enzymes) processes increases the 
anaerobic bioconversion of the lignocellulosic biomass. Enzymatic hydrolysis of cellulose
15
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Fig. 4 Structure of cellulose (from Béguin and Aubert (7)). (A) B-Glucosidic bonds. (B) Schematic 
structure of a fibril.
to glucose occurs by the action of cellulase, a general term referring to a mixture of 
enzymes with different activities and specificities. Three major classes of enzymes 
comprise the cellulase repertoire: endoglucanases (endo-1,4-B-glucanases, EC 3.2.1.4); 
exoglucanases, which include cellobiohydrolase (1,4-B-D-glucan cellobiohydrolase, EC 
3.2.1.91) and exoglucohydrolase (1,4-B-D-glucan glucohydrolase, EC 3.2.1.74) and 
B-glucosidases (EC 3.2.1.21) (25). Endoglucanases hydrolyse amorphous regions of the 
cellulose fibres. The non-reducing ends generated could than be attacked by 
exoglucanases, which proceed with the degradation of crystalline regions. B-Glucosidases 
hydrolyse cellobiose, which prevents the inhibition of cellobiohydrolase by this 
disaccharide. In fungi the complete degradation of crystalline cellulose usually requires the 
complete set of enzymes, and, when present together, they often display synergism (113). 
However, a requirement for exoglucanase may not be absolute, because enzymes of this 
class are relatively rare among bacterial cellulase systems (25, 42).
16
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Crystalline Amorphous 
region region
{y Adsorption of cellulases 
Endoglucanases
Fig. 5 Synergism of endoglucanases, cellobiohydrolases (exoglucanases) and B-glucosidases in 
fungal cellulase systems. Glucose residues are indicated by hexagons, reducing ends are shown in 
black (from Béguin and Aubert, (7)).
Hemicellulose
In contrast to cellulose, hemicelluloses are complex heteropolysaccharides. Xylan is the 
major component of hemicellulose in hardwood (angiosperms), whereas in softwood 
(gymnosperms) arabinoxylans and mannans are more abundant. The backbone of xylan is 
a polymer of B-1,4-linked D-xylosyl residues, which are substituted with arabinosyl, acetyl 
and glucuronosyl residues (Fig. 6 ; (94, 112)). The frequency and composition of the 
branches are dependent on the source of the xylan (1). In hardwoods and softwoods, the 
acetyl and arabinosyl substituents occur on approximately 70% and 12% of the xylosyl 
residues, respectively. The degradation of xylan requires a large number of different 
enzymes (Fig. 7). The xylan backbone is degraded by endo-B-1,4-xylanases (EC 3.2.1.8). 
However, endoxylanases are often prevented from cleaving the xylan backbone by the
17
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Fig. 6 Part of a hypothetical xylan molecule (from Thomson, (94)). 1, xylose; 2, acetyl xylose; 3, 
a-L-arabinofuranose side chain; 4, 4-O-methyl-D-glucuronic acid side chain; 5, aceteyl xylose; 6, 
D-glucuronic acid.
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Fig. 7 Part of a hyphothetical xylan molecule showing sites of hydrolysis by microbial xylanolytic 
enzymes. 1, endo-1,4-B-xylanase; 2, aceteyl esterase; 3, a-L-arabinofuranosidase; 4, 
a-glucuronidase; 5, B-xylosidase (from Thomson (94)).
3 5
O O
O
h o h 2c
O
h o h 2c
4
presence of the above mentioned substituents. These substituents need to be removed 
before endoxylanase can efficiently hydrolyse the backbone. The enzymes involved 
include acetylesterases (EC 3.1.1.6), a-L-arabinofuranosidase (EC 3.2.1.55), and 
a-glucuronidase (EC 3.2.1). Once endoxylanases have released small xylooligosaccharides, 
the B-xylosidases (EC 3.2.1.37) cleave the oligomeric fragments, predominantly to xylose 
(8). Although the structure of xylan is more complex than cellulose, and requires different 
enzymes for efficient hydrolysis, the polysaccharide does not form tightly packed 
structures and as a consequence is more accessible to hydrolytic enzymes.
18
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ANAEROBIC PLANT PO LYM ER DEGRADATION IN INSECTS 
M ethane production and plant polymer degradation in arthropods
The ability of many insects to feed on wood, foliage and detritus, has stimulated research 
on how these species degrade structural plant polymers (14, 17, 20, 66, 87). In the hindgut 
of four taxa of these herbivorous insects, a methanogenic ecosystem is found (5, 39, 40
46, 58). These taxa are the millipedes (Diplopoda), cockroaches (Blattaria), termites 
(Isoptera) and scarab beetles (Scarabaeidae). The methane emission by some insects is 
shown in Table 4. A large variation existed in the methane emission of Perplaneta 
americana collected from different sources. Cockroaches and termites have been studied 
extensively with regard to cellulose degradation (17, 27, 41, 87, 99). Fewer studies have 
been carried out with xylophagous millipedes (90) and scarab beetles (3, 4, 6, 21, 79, 104, 
106).
Table 4 Methane production by several species of arthropods
Arthropod CH4-emission
(nmol/arthropod/h)
Body weight 
(g)
Zootermopsis angusticollis1 10.6 ± 2.3 0.013 ± 0.002
Pachnoda m arginal 224 ± 80 2.9 ± 0.5
Periplaneta americanac 3100 ± 550 1.40 ± 0.30
Periplaneta americanit
aj x -C— _A Æ____  _i T __ /nf\\
176 ± 170 1.03 ± 0.38
adata from Messer and Lee (70). 
bdata from own measurements. 
cdata from Gijzen et al. (39).
The degradation of structural plant polymers in insects occurs in different parts of the 
intestinal tract. In general, the intestinal tract of most insects can be divided into three 
compartments: the foregut, midgut and hindgut (67, 91). In Fig. 8A the intestinal tract of 
P. americana is shown, which is representive for the intestinal tract of many other insects. 
The crop is defined as any foregut structure involved in food storage. The pH of the 
foregut is usually slighly acidic, pH 4-5. The major digestive region of insects is the 
tubular midgut, in which digestive enzymes are secreted and soluble nutrients are 
absorbed. Considerable numbers of bacteria (108-109/(ml gut) may also be present (17, 27), 
but in the midgut of other insect species very low numbers are found (84, 85). In most 
cases, the pH in the midgut is around neutral. However, in the midgut of larvae of the 
scarab beetles high alkaline pH values were detected (pH 11-12) (4, 79, 106). The 
intestinal tract of these scarab beetle larvae consist of two enlarged compartments, the 
midgut and the hindgut, whereas the foregut is only poorly developed (Fig. 8B). The 
hindgut of many herbivorous insects is an anaerobic fermentation chamber, in which large 
numbers (1010/(ml gut) of intestinal microorganisms are found (17, 27, 99). The pH in the 
hindgut is between 7 and 8 .
19
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Fig. 8 Gastrointestinal tract of the cockroach P. americana (A; from Bracke et al. (11)) and the 
larva of the scarab beetle Pachnoda marginata (Potosia cuprea (B; from Wiedemann (106)). 
e: esophagus, p: proventriculus, dc: digestive cecae, mt: Malpighian tubules, F: foregut, M: midgut, 
I: ileum, C: colon, R: rectum.
Several mechanisms for the hydrolysis of cellulose and hemicellulose have been found 
among insects (67, 91): i) The exploitation of the cellulolytic capacity of protozoa residing 
in the hindgut, ii) The exploitation of the cellulolytic capacity of bacteria residing in the 
intestinal tract, iii) use of fungal cellulases which are ingested with the food and remain 
active during the passage of the food through the gut, iv) secretion of endogenously 
produced enzymes.
1. Intestinal protozoa
The dependence on cellulolytic protozoa residing in the paunch, an enlarged region in the 
anterior hindgut, for cellulose digestion has been shown in so-called lower termites 
comprising the families Masto-, Kalo-, Hodo-, Rhino- and Serritermitidae (17, 51, 99). 
The dependence of lower termites on cellulolytic protozoa was first demonstrated in the 
lower termite Reticulitermes flavipes, which was unable to survive on a diet consisting of 
pure cellulose when it was devoid of protozoa (24). In the cockroach P. americana, 
protozoa also contribute to cellulose digestion. The activity of the enzymes FP (filter 
paper)-ase and CMC (carboxymethyl cellulose)-ase in the hindgut of P. americana 
decreased significantly when the ciliate Nyctotherus ovalis was removed with the 
antiprotozoal drug metronidazole (41). However, since not all strains of P. americana 
harbour protozoa is their intestinal tract, the presence of these protozoa seems not to be 
essential for survival (119)
2 0
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2. Intestinal bacteria
The intestinal tract of most herbivorous insects harbours large numbers of bacteria, but it 
is not always clear whether these bacteria contribute to plant polymer degradation (17, 27). 
Bacteria with (hemi)cellulolytic acitivity have been isolated from a number of cockroaches 
and termites. In P. americana and Eublaberus fuscus the number of bacteria with 
CMC-ase activity was approximately 106/gut in the midgut and 108/gut in the hindgut (26). 
Since comparable numbers were found under aerobic and anaerobic conditions, it was 
conluded that most of the cellulolytic species were facultatively anaerobic, but strict 
anaerobic species were also found. They belonged to the genera Clostridium, Eubacterium, 
Serratia, Citrobacter, and Klebsiella. The cellulolytic activity of microorganisms in P. 
americana was also determined with 14C-labeled cellulose. After feeding the cockroach 
with antibiotics the emission of 14C-labeled carbon dioxide and methane was reduced (9). 
In termites different species of cellulolytic bacteria have been found (99). Schäfer et al. 
(83) isolated hemicellulose-degrading bacteria and yeasts from several termites. Up to 
106-107 xylan-degrading bacteria per ml gut contents were found in Mastotermes darwi- 
niensis. Gram-positive isolates belonged to the genera Bacillus, Paenibacillus and 
Streptomyces or to the coryneform group of the actinomycete branch. Gram-negative 
strains could be assigned to the genera Pseudomonas, Acinetobacter, Ochrobactrum and to 
those of the family Enterobacteriaceae. In the desert millipedes, Orthoporus ornatus and 
Comanchelus sp. a mutualistic association between millipede and bacterium was 
considered (90). The aerobic cellulolytic bacteria would make available to the millipedes 
an otherwise mostly unutilizable substrate. The millipedes, in turn, provide the bacteria 
with an environment with regulated moisture, temperature and pH and supply the bacteria 
with a constant flow of substrate to degrade.
Larvae of scarab beetles digested vast amounts of the structural plant polymers, which was 
also considered to be the result of microbial activitity in the gut (3, 4, 6, 88, 79, 104, 106. 
In 1930 (106) a cellulolytic bacterium, named Bacillus fermentans, was isolated by 
enrichment cultures from the hindgut of larvae of the rose chafer Potosia cuprea 
(Pachnoda marginata). However, the significance of this bacterium for cellulose 
degradation in vivo is not clear. In an other study with larvae of the rhinoceros beetle 
Oryctes nasicornis, cellulose degradation was detected in both the midgut and the hindgut, 
but bacteria with (hemi)cellulolytic activity could not be isolated from both parts of the 
gut (6). Whereas no cellulase activity could be identified in the mid- and hindgut fluids, it 
was nevertheless suggested that the cellulases were bound to the substrate, and therefore 
from bacterial origin (4).
Besides (hemi)cellulose degradation, intestinal bacteria have several other functions to 
their host. Sugar monomers are fermented by microorganisms into short-chain fatty acids 
(SCFA), which are transported from the lumen across the gut wall. In gut homogenates of 
a number of different species of termites and cockroaches and the larvae of the scarab 
beetle O. nasicornis, acetate appeared to be the major SCFA produced (4, 12, 53, 50, 73, 
119). Acetate is oxidized in the insect’s body, and can meet up to 100% of the energy 
requirement in termites (73). Methanogens and acetogens convert H2 and CO2 from the 
anaerobic fermentations to methane and acetate, respectively (13, 15, 16, 46, 59, 107). 
Furthermore, bacteria may play a role in the recycling of nitrogen. The insect synthesizes
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and stores uric acid in the fat body where it can be degraded by symbiotic bacteria, as was 
found in many cockroach species (27). Alternatively, the uric acid is secreted into the gut 
lumen where it is degraded by uricolytic bacteria. This was found in the termite R. 
flavipes (17) and the cricket Acheata domestica (97).
3. Fungal cellulases
The majority of the termites (the evolutionary ’higher’ termites; 17, 20, 99) do not possess 
anaerobic flagellates, which are important for cellulose degradation in lower termites. One 
subfamily of the higher termites, the Macrotermitinae, developed a unique symbiosis with 
certain fungi (Termitomyces spp.), which are cultivated on prechewed lignocellulosic 
matter in so-called ’fungal gardens’ (17), providing the termites with a significantly upgra­
ded food source. Furthermore, synergism of fungal cellulases with termite cellulases could 
increase the cellulolytic capacity. However, the contribution of the fungal cellulases in the 
midgut of the fungus-growing termites Macrotermes subhyalinus Rambur and M. 
michaelseni Sj0stedt constituted only 9% of the total cellulase activity (100). In other 
Macrotermitinea species such quantitative comparisons were not made. The importance of 
ingested fungal enzymes in cellulose digestion in Macrotermitinea most likely varies from 
species to species.
4. Endogenously produced cellulases
The fourth mechanism for cellulose degradation, the use of cellulases from the insect 
itself, has now convincingly been shown in a number of different insects. Already in 1965 
cellulase activity was determined in the salivary glands and the midgut epithelium of P. 
americana (105). Since the salivary glands and midgut epithelium do not contain bacteria, 
the cellulase detected in these parts are considered to be of insect origin. In the Australian 
cockroach Panesthia cribrata Saussure the respiratory quotient did not alter on a diet of 
filter paper when a large amount of protozoa and bacteria were removed from the 
intestinal tract, which indicated also the endogenous production of cellulases (85). The 
cellulase of P. cribrata appeared to consist of six endo-B-1,4-glucanases and two 
B-1,4-glucosidases (86). The cellulase of the higher termite Nasutitermes walkeri, purified 
from homogenates of the salivary glands, foregut and midgut, consisted of two 
components, one with endo-B-1,4-glucanase and one with B-1,4-glucosidase activity (84). 
In the lower termite, Reticulitermes speratus the site of secretion of endogenous produced 
cellulase was identified to be the salivary glands and two endo-B-1,4-glucanase 
components were identified (102). Recently, an endo-B-1,4-glucanase encoding gene of the 
latter termite species has also been sequenced (103). In the gut of the non-methanogenic 
fibrebrat, Thermobia domestica, cellulase activities, determined with microcrystalline 
cellulose as a substrate, did not change significantly when the insect was fed different 
antibiotics (96). This indicated the endogenous production of the cellulase, which was 
considered to be an endo-acting glucanase. The cellulases found in insects appeared all to 
consist of endo-B-1,4-glucanases and/or B-1,4-glucosidases, but real exo-B-1,4-glucanase 
activity has never been found. To compensate for this lack of activity, the insect may 
produce large quantities of endo-B-1,4-glucanases that may have low exoglucanase 
activity. This was suggested for the cockroach P. cribrata, in which its two major 
endo-B-1,4-glucanase components comprised 13% of the soluble protein in the foregut and
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midgut contents. Besides cellulases, xylanases from insect origin were also found in the 
termite Macrotermes bellicosus (68).
Combination of mechanisms
Most insects use a combination of the above mentioned mechanisms for the digestion of 
cellulose. For example, lower termites depend on cellulolytic protozoa for their survival, 
but they also produce their own cellulases (51,102, 103). Termites of the subfamily 
Macrotemitinae use both cellulases and xylanases from insect and fungus origin (68, 80). 
In the cockroach P. americana, both cellulolytic protozoa and bacteria contribute to 
cellulose digestion, whereas this insect also secretes its own enzymes (26, 41, 105). On a 
diet of 14C-labeled cellulose and hemicellulose the evolution of 14CO2 reduced sharply after 
feeding P. americana with antibiotics, which indicated microbial activity, but the 
endogenous production of (hemi)cellulases was also assumed (9).
Although a combination of mechansims to degrade plant fibres is often used by insects, it 
is not always clear which mechanism prevails over another. Furthermore, although 
cellulolytic and hemicellulolytic activity can be determined in the intestinal tact, it is not 
always clear whether in insects in vivo, cellulose is used as an energy source. It was 
observed in a laboratory culture of P. americana, that both larvae and males did not 
consume filter paper and that females chewed a great deal of the paper, but do not use it 
as an energy source (105). These observations were in agreement with experiments in our 
laboratory. When individuals of P. americana were kept on a diet of filter paper and 
alfalfa hay, digestion of filter paper was not observed, a lot of cannibalism occurred and 
very few adults were present among the insects. In contrast, the strain of P. americana 
Gijzen et al. (41) used in their experiments did digest filter paper cellulose. This strain of 
P. americana harboured large numbers of protozoa with FP-ase activity in the hindgut, 
which were not found in our laboratory strain of P. americana. In termites cellulolysis is 
generally considered to be important for their energy metabolism (17, 20, 99).
STRUCTURE OF CELLULASES AND XYLANASES 
M icrobial cellulases and xylanases
Cellulases and xylanases from a wide range of microorganisms have been purified, 
analysed and categorised according to their substrate specificities, which has been 
considered in many reviews (7, 25, 43, 94, 112). Microorganisms that produce cellulases 
are almost invariably able to hydrolyse xylan. Among bacteria, two principal strategies for 
degrading cellulose and xylan have been recognized (82). The first strategy is found in 
Clostridium spp. These anaerobic cellulolytic bacteria produce tightly associated, 
extracellular cellulase complexes called cellulosomes (57), which are responsible for the 
close adherence of the bacteria to the substrate surface. The majority of the components in 
cellulosomes have B-1,4-glucanase and B-1,4-xylanase activity (56, 57). Furthermore, a 
polypeptide, which is termed CipA (for cellulosome integrating protein), appears to be 
devoid of catalytic activity (56, 57). CipA acts as a scaffolding protein to which the 
catalytic components of the cellulosome are bound (33). Besides several Clostridium spp., 
cell-surface localized cellulosome like structures have been identified in other anaerobic
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cellulolytic bacteria, like Acetivibrio cellulolyticus, Bacteroides cellulosolvens, and 
Ruminococcus albus (58). Also in the anaerobic fungus, Piromyces sp. strain E2, multi­
component complexes, consisting of proteins with Avicelase, endoglucanase and 
B-1,4-glucosidase, were identified. These complexes also mediate binding to microcrys­
talline cellulose (31). The second strategy is the production of extracellular 
polysaccharide-degrading enzymes, which may bind to the substrate. This mechanism has 
been found in Cellulomonas fimi (69), Pseudomonas fluorescens subsp. cellulosa (47), 
Microbispora bispora (114) Thermomonospora fusca (108) and the plant pathogen Erwinia 
(82). Aerobic fungi, such as Trichoderma reesei, also produce extracellular hydrolytic 
enzymes (7). In most of the extracellular multidomain enzymes, a cellulose, or xylan, 
binding domain (CBD and XBD, respectively) is identified (64). The function of CBDs is 
the attachment of cellulases to cellulosic substrate by aromatic amino acid residues, 
especially tyrosine and tryptophan, thus increasing the effective enzyme concentration on 
the substrate surface (64). They may also play a role in disrupting non-covalent 
associations, disrupting structure and thereby increasing substrate accessibility. CBDs 
enhance the enzyme activity on the insoluble, but not on the soluble substrates.
Sequence conservation, function and enzyme families
Gene cloning and DNA sequencing have allowed rapid determination of the amino acid 
sequences of cellulases and xylanases (43). Analysis of the amino acid sequences showed 
that many cellulases and xylanases are multidomain proteins, consisting of a catalytic 
domain and one or more ancillary domains (7, 43). These domains can be joined by 
linker sequences, rich in proline and/or hydroxyamino acids, as was identified in 
endoglucanases and xylanases of Cellulomonas fimi (69, 112), cellobiohydrolases of 
Trichoderma reseei (95) and xylanases from Pseudomonas fluorescens subsp. cellulosa 
and Cellvibrio mixtus (71). Linker sequences may be glycosylated, which protects the 
enzyme from proteolysis (74). Besides cellulose binding domains, thermostabilizing 
domains (23, 61, 120) and domains homologous to the NodB protein of nitrogen-fixing 
bacteria may be present (23, 71). In XynD of Cellulomonas fimi, the function of the NodB 
domain is to remove acetyl groups from acetylated xylan.
The catalytic domains of cellulases and xylanases can be grouped into families on the 
basis of hydrophobic cluster analysis and amino acid sequence similarities (48, 49). 
Xylanases appeared all to belong to glycosyl hydrolases family 10 (cellulase family G) or 
family 11 (cellulase family H). Cellulases were grouped into 9 different cellulase families 
(A-F, I, J, K) or glycosyl hydrolase family 1-9.
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OUTLINE OF TH E TH ESIS
A number of insects thrives on wood, foliage and detritus. The potential of these 
herbivorous insects to convert plant polymers to biogas, could be used for the 
biotechnological conversion of biowaste. However, it is undesirable from a hygienic point 
of view to grow insects in a reactor. Therefore, a bioreactor in which their complex 
intestinal microorganisms are cultivated in vitro should be developed. In this thesis a 
herbivorous insect is selected that efficiently degrades plant polymers with the aid of the 
complex microbiota in its intestine. Furthermore, it is investigated whether the insect 
intestine constitutes a potential source of novel hemicellulolytic and cellulolytic bacteria 
and enzymes.
In Chapter 2 the number of bacteria in the different parts of the intestinal tract in various 
arthropods is determined to obtain information about the significance of intestinal bacteria 
for the digestion of food. A simple and effective method was developed for direct counts 
of 4 ’,6-diamidino-2-phenylindole (DAPI) stained bacteria.
In Chapter 3 the contribution of intestinal microorganisms in eight species of arthopods to 
plant fibre degradation is decribed. In the larvae of the rose chafer Pachnoda marginata 
the high degree of fibre digestion would most likely be the result of microbial activity. 
Chapter 4 describes the cultivation of the microbial population from the hindgut of P. 
marginata larvae in batch cultures on several plant derived polymers. The degradation of 
Neutral Detergent Fibres (NDF) and the CH4- and SCFA-production were determined. A 
comparison to batch culures inoculated with rumen fluid was carried out.
In Chapter 5 (hemi)cellulolytic bacteria were enumerated from the intestinal tract of P. 
marginata larvae under aerobic and anaerobic conditions. The 16S rDNA sequence and 
some physiological characteristics of a dominant (hemi)cellulolytic species are described. 
The isolate appears to be a new bacterial species for which the name Cellulomonas 
pachnodae is proposed.
To study whether C. pachnodae contains novel endoglucanase and xylanase encoding 
genes a gene library of C. pachnodae was constructed in Escherichia coli and screened for 
xylanase and endoglucanase activity. This is described in Chapter 6 and Chapter 7.
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Summary
The number of bacteria in the intestine of 12 species of arthropods belonging to 7 different 
orders, was determined to obtain information about the significance of intestinal bacteria for the 
digestion of food. Therefore, a simple and effective method for direct counts of 4',6-diamidino-2- 
phenylindole (DAPI) stained bacteria from the gastrointestinal tract of arthropods was developed. 
The intestinal bacteria could be released from the gut wall by ultrasonic treatment in the presence 
of sodium tetrapyrophosphate (PPi). The bacterial counts ranged from 0.2 to 3.6 x 109 (ml gut) 1 
in the foregut, 0.2 to 28 x 109 (ml gut) 1 in the midgut, and 0.1 to 190 x 109 (ml gut) 1 in the 
hindgut. The foregut and hindgut of Hylotrupes bajules larvae were devoid of bacteria; in the 
whole intestinal tract of Eurycanta calcarata and Schistocerca gragaria only low numbers of 
bacteria were found. The bacterial numbers in some parts of the intestinal tract of several 
arthropods were high enough for a potential contribution to digestive
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INTRODUCTION
The intestinal tract of certain arthropods harbours a wealth of microorganisms, which are 
believed to be engaged in the processing of the food (5, 6 , 18). However, since also the insect 
itself produces catabolic enzymes (18), the role of intestinal microbiota in digestive processes has 
to be investigated. Therefore, the determination of the numbers of bacteria in the different parts 
o f the intestine is a first step to gain insight in the significance of intestinal bacteria for the 
digestion and processing of the diets. Earlier studies have indicated that substantial differences 
exist in the distribution of the bacteria in the different parts of the intestinal tract of insects (2 ,
7, 8, 18, 20). In the past, enumerations of intestinal bacteria in arthropods have been performed 
by the most probable number technique (MPN) or viable plate counts (3, 4, 15). However, the 
majority of the microorganisms in intestinal ecosystems cannot be cultured yet (1, 16, 21). 
Therefore, it is questionable, whether culture based enumerations of bacteria can give meaningful 
results. In this study we describe a novel, improved method to determine the number of bacteria 
in the different sections of the intestinal tract of 11 species of arthropods after staining with DAPI 
(4',6-diamidino-2-phenylindole). Since many intestinal bacteria, especially those present in the 
hindgut, are firmly attached to the cuticula of the wall of the hindgut, techniques had to be 
developed that allow the detachment of these bacteria from the wall. The reliability of the various 
methods for the enumeration of bacteria and the potential contribution of bacteria to the digestion 
of food in arthropods is discussed.
MATERIALS AND METHODS 
Arthropods
The arthropods were either collected from free-living populations or derived from established cultures 
and fed their particular diet (Table 1). They were reared at the Department of Microbiology and 
Evolutionary Biology at 22 ± 1 ° C, except from the rose chafer, Pachnoda marginata, which was kept at 
29± 1°C.If not mentioned otherwise, adult individuals were used in this study.
Preparation of the intestinal tract
The arthropods were anaesthetized under a stream of C02 and surface sterilized with 70% ethanol. They 
were dissected under a stereomicroscope and the complete intestinal tract was removed. Fore-, mid-, and 
hindgut were separately immersed in sterile Ringer's solution (47 mM NaCl, 183 mM KCl, 10 mM Tris- 
HCl, pH 6.8) with 3.7% formaldehyde in an Eppendorf vial (1.5 ml) or aplastic centrifuge tube (10 ml). 
The volume of the Ringer's solution was adjusted according to the size of the intestinal part (Table 1). 
The intestinal parts were cut into pieces and subsequently vortexed for 30 sec.
To remove the bacteria from the gut wall, several procedures were tested (final concentration in the 
Ringer's solution between brackets): treatment with Tween 80 (0.2% v/v), sodium tetrapyrophosphate 
(PPi) (0.1 M), EDTA (0.04 mM) and K0H (0.1 M). The suspensions were incubated for 15 min at 4°C 
and subsequently treated by ultrasonication (Branson B12, Danburg, CT, USA, tipdiameter 3 mm, output 
40 W) on ice for 45 sec. Staining was performed with a solution of 4',6-diamidino-2-phenylindole (DAPI) 
(5 ^g/ml) or ethidium bromide (0.1 mg/ml), and the mixture was incubated for 30-60 min at 4°C in the 
dark. The suspensions were vortexed for 30 sec, before samples were taken for microscopical 
preparations.
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Microscopic preparations and bacterial counts
The DAPI or ethidium bromide stained bacterial cells exhibited strong autofluorescence when studied with 
an epifluorescence microscope (Leitz, Wetzlar, Germany) using a suitable filter set (340-380 nm). The 
cells were counted at a magnification of 1000 x with the aid of an ocular grid (Leitz, Wetzlar, Germany, 
10 x). In addition, differential interference contrast (DIC) microscopy (Leitz, Wetzlar, Germany) was used 
to monitor the progress of the treatment.
The intestinal parts of three different individuals of each species were used. Two microscopic preparations 
were made per suspension. In the preparations of the fore- and midgut, 5 -20  cells were present in each 
microscopic field (0.08 x 0.08 mm), whereas the hindgut suspensions contained 20 - 50 cells. If necessary, 
the hindgut suspensions were diluted with sterile Ringer's solution. A volume of 5 ^l of the suspension 
was placed on a slide and covered with a 24 x 24 mm cover-slip. This volume gave an optimal spread of 
the suspension under cover-slip of these dimensions and resulted in a layer with a thickness of 8.6 ^m. 
Under these conditions, the autofluorescence of intestinal particles did not interfere with the bacterial 
counts. The microscopic preparations were sealed with nail polish to prevent evaporation. Twenty fields 
were counted. Each field was 0.08 x 0.08 mm, which equalled a volume of 5.6 x 10"5 p,l.
For the counts of bacteria on nucleopore filters the procedure described by Kepner and Pratt (16) was used. 
Hindgut suspensions from P. americana were made in 1 ml sterilized Ringer's solution with 3.7% 
formaldehyde and 0.1 M PPi. The suspensions were incubated for 15 min at 4°C and subsequently treated 
by ultrasonication for 45 sec. Serial dilutions (10"1 to 10"4) were made in sterilized demineralized water 
containing 3.7% formaldehyde. A volume of 5 ml of a 10 4 dilution was passed through nucleopore 
membrane filters (25 mm filter diameter, Millipore, type GTBP, 0.2 |_lm pore-size), under low vacuum 
(<30 mm Hg, Bio-Rad vacuum pump). Before filtration, staining was performed on the filter tower with 
DAPI (5 |-lg / ml) for15- 30 min.
Electron microscopy (TEM and SEM)
For electron microscopy the intestines were fixed with glutaraldehyde (2.5%) in a PBS-buffer solution, 
pH7.2. The postfixation was performed bythemethodofHepler(0s04/K3Fe(CN)6) (12). Fortransmission 
electron microscopy (TEM), en block staining with 2% uranyl acetate was performed. After embedding 
in Epon 812 (17), sections were made on a Reichert 0m U2. They were stained with lead citrate and uranyl 
acetate, and examined in a Zeiss 109 T electron microscope. For scanning electron microscopy (SEM), 
the fixed and dehydrated tissue was critical point dried, mounted on aluminium stubs, coated with gold 
and examined in a Zeiss DSM 950 scanning electron microscope
Statistics
The standard paired t test was used for the statistical evaluation of the bacterial counts.
RESULTS 
Sizes of the different segments of the intestinal tract
In Table 1, the volumes of the foregut, midgut and hindgut are shown. The sizes of the different 
parts of the intestinal tract varied much between the different species of arthropods. The foregut 
of the millipedes, Millipede A and Chicobules sp. was much smaller than the mid- and hindguts. 
Also the foregut of the larvae of the rose chafer P. marginata was very small, whereas the foregut 
of most of the other arthropods studied comprized the largest part of the intestinal tract. The 
smallest part of the intestinal tract was the midgut, with the exception of the millipedes and the 
rose chafer larvae in which the midgut formed the largest part of the intestinal tract.
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Table 1 Species of arthropods, their volume of the gut and diet
Arthropod Volume of the 
gutb(,al)
Ringer's
(ml)
Source0 Foodd
Millipede A (M)a Du (c) potato, beech
foregut 149 "  89 2 litter
midgut 927 "  184 5
hindgut 902 "  65 5
Chicobulus sp. (M) Du (c) potato, beech
foregut 6.6 "  0.9 0.5 litter
midgut 231 "  111 2
hindgut 165 "  38 2
Schistocerca gregaria Du (c) blackberry
foregut 305 "  186 2 leaves
midgut 91 "  20 1
hindgut 5 7 " 9 1
Acheata domestica N y (c) savoy cabbage
foregut 3 1 " 3 0.5
midgut 3.3 "  0.4 0.5
hindgut 1"2 0.5
Eurycanta calcarata Du (c) blackberry
foregut 1206 "  223 5 leeves
midgut 377 "  181 5
hindgut 4 3 0 "  186 5
Periplaneta americana (M) Am (c) potato, apple,
foregut 81 "  43 1 cat chow
midgut 1 7 " 7 0.5
hindgut 37 "  20 1
Periplaneta australasia (M) Ha (c) potato, apple,
foregut 2 4 "1 1 0.5 cat chow
midgut 9.5 "  2 0.5
hindgut 34 "  33 1
Pycnoscelus surinamensis (M) Ar (f) potato, green
foregut 29 "  25 0.5 cabbage,
midgut 12"8 0.5
hindgut 13 "  0.9 0.5
Blaberusfuscus (M) Du (c) potato, apple,
foregut 428 "  245 3 cat chow
midgut 117"15 2
hindgut 144 "  57 3
Gromphadorrhina portentosa (M) Am (c) potato, apple,
foregut 638 "  215 3 cat chow
midgut 163 "  65 2
hindgut 284 "  37 3
Pachnoda marginata (larva) (M) Du (c) beech litter,
foregut <1e banana
midgut 509 "  73 5
hindgut 342 "  63 5
Hylotrupes bajules1 (larva) Kr (c) fir
foregut 49 0.5
midgut 25 0.5
hindgut 1 0.5
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Fig. 1 Transmission electron micrographs of bacteria in the hindgut of the larva of the rose chafer 
Pachnoda marginata (modified from (11)). a: Overview of the bacterial population attached to the seta-like 
structures (SL) protuding from the hindgut wall; bar = 5 ^m. b: High magnification view of bacteria 
(arrow-head) attached to the cuticle (C) of the hindgut; bar = 0.5 |-lm.
DM: methanogenic (see reference (10)).
bGut volumes were determined on fresh weight basis (assuming 1 mg equals 1 ^1) and are the mean of three 
intestines "  S.D.
C(c): established culture, (f): free living population. Am: Artis, Amsterdam, the Netherlands; Ar: BurgersZoo, 
Arnhem, the Netherlands; Dü: Lobbecke Museum Düsseldorf, Germany; Ha, Hortus, Haren, the Netherlands; Kr: 
Desowag AG, Krefeld, Germany; Ny: Zoology Dept, Nijmegen, the Netherlands. 
dWater was fed ad libitum.
eThe foregut of the larvae of Pachnoda marginata is very small.
fOnly one larva of the longhorn beetle H. bajules was available for bacterial counts.
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Fig. 2 Transmission electron micrograph of bacteria in the lumen of the hindgut of the cockroach 
Periplaneta americana; bar = 0.5 ^m.
Electron microscopy of the hindgut
Bacteria were found in the intestinal tracts of most of the arthropods studied. Especially in the 
hindgut of methane emitting arthropods (Table 1), complex microbial biota were present. Electron 
micrographs from the hindgut of Periplaneta americana and the larva of Pachnoda marginata 
revealed the presence of densely packed bacteria (Fig. 1,2). A large variety of morphotypes could 
be distinguished in both species. Several types of coccoid and long, rod-shaped bacteria were 
prevalent. The bacteria were embedded in a dense mucus layer, but several types of bacteria 
adhered closely to the cuticula of the hindgut epithelium. Cuticular differentiations such as 
trichomes and complex seta-like structures enlarge the surface of the hindgut. They also serve as 
binding devices for the bacteria (Fig. 1b). The electron micrographs allowed counting of intestinal 
bacteria. In Fig. 1a,515 and 720 cells were
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Fig. 3 Effect of the treatment of the hindgut of the cockroach Periplaneta americana with sodium 
tetrapyrophosphate, ultrasonication and vortexing. a, b: Differential interference contrast micrographs of 
the luminal side of the cockroach Periplaneta americana before (a) and after (b) treatment; bar = 20 ^m. 
a: HC: Hindgut cells; Arrow-heads indicate the bacteria attached to the cuticle. Numerous trichomes can 
be discriminated. b: The treatment efficiently removed the bacteria from the wall. c, d: Scanning electron 
micrographs of the luminal side of the hindgut of the cockroach Periplaneta americana before (c) and after 
(d) treatment. After treatment very few bacteria are left (arrow-head). Only cellular debris and fixed 
mucous particles cover the hindgut cuticle. c: bar = 2 ^m, d: bar =10 ^m.
counted on areas of 2.5 x 5 cm and 4 x 5  cm, respectively, at a magnification of 2420 x, and in 
Fig. 2, a number of 320 cells was estimated on 12x 15 cm at a magnification of 15400 x. From 
these counts high numbers of bacteria in the hindgut of the larva of Pachnoda and Periplaneta 
were evident (the assumption of a cell diameter of 1 |_lm leads to values up to about
5 x 1012 bacteria (ml gut)"1). Since the cross sections show the most densely packed regions of the 
hindgut, the numbers based on these figures are overestimations.
Recovery of intestinal bacteria
Bacteria present in the fore- and midgut of most of the arthropods could be suspended relatively 
easy. However, it was not possible to detach and suspend the bacteria from hindgut
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Fig. 4 Photograph showing a typical example of DAPI-stained bacteria in a hindgut preparation of Achaeta 
domestica as observed by epifluorescent microscopy (magnification 800 x).
fragments by vortexing and ultrasonic treatment alone. In most species of arthropods, the addition 
of sodium tetrapyrophospate (PPi) or EDTA to the Ringer's solution facilitated a nearly 100% 
recovery of the attached bacteria. Fig. 3 shows that after the treatment the bacteria were released 
from the hindgut wall of P. americana. The mucus layer could be released by these treatments 
from the wall, but it was not always possible to dissolve it completely. Especially the hindgut 
preparations of CH4-producing arthropods (Table 1) (10) contained mucoid aggregates, in which 
frequently 10-20  bacterial cells could be distinguished. This did not hamper counting. The other 
reagents tested, e.g. Tween 80 and KOH gave poor results. The addition of DAPI to a final 
concentration of 5 p,g / ml proved to be sufficient to stain the bacteria; lower concentrations were 
inappropriate, since DNA in the nuclei of the intestinal wall provided a sink for the stain. Staining 
with ethidium bromide (0.1 mg / ml), proved to be less convenient, since autofluorescence of food 
particles and intestinal contents seriously hampered bacterial counts.
Counts of intestinal bacteria
A typical example of DAPI-stained bacteria as observed by epifluorescence microsopy is shown 
in Fig. 4. Table 2 summarizes the results of the counts of the bacteria recovered from the foregut, 
midgut, and hindgut of 12 different species of arthropods. The standard deviation (S.D.) was large, 
which was due to individual variation between the different arthropods as can be seen for the 
hindgut o f P.americana in Table 3. Whereas the method allowed a quantitative recovery of 
intestinal bacteria in most species, the bacteria in the hindgut of the millipedes and the larvae from 
the rose chafer could not completely be released from the gut wall. The numbers of bacteria varied 
much between the different parts of the intestinal tract. Also, large variations existed between the 
different species of arthropods tested. Relatively low numbers of bacteria were present in the 
intestinal tract of Eurycanta calcarata and Schistocerca gregaria. In the larva of the longhorn 
beetle Hylotrupes bajules, the presence of bacteria was restricted to the midgut, which harboured 
exclusively coccoid shaped bacteria.
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Bacterial counts (109 bacteria (ml gut)"1 )a 
Species_______________________________ foregut_________ midgut__________hindgut
Millipedes
Millipede A 1.7 ±1.3 1.4 ±0.52 15 ± 6.7b
Chicobulus sp. 1.5± 1.0 5.5 ± 3.3 17 ± 5.3b
Crickets
Acheata domestica 2.1 ± 0.31 28 ± 1 190 ± 50
Grasshoppers
Schistocerca gregaria 0.07 ± 0.08 0.11 ± 0.03 0.38 ± 0.44
Stick and leaf insects
Eurycanta calcarata 0.21 ±0.1 0.18 ± 0.23 0.1 ± 0.1
Cockroaches
Periplaneta americana 5.9 ± 5.8 8.3 ± 6.8 100 ± 30
Periplaneta australasia 1.9± 0.87 5.9 ± 4.6 80± 11
Pycnoscelus surinamensis 3.6 ± 0.98 9.2 ± 4.1 98± 11
Gromphadorrhinaportentosa 0.97 ± 0.76 3.6 ± 2.2 28 ± 12
Blaberusfuscus 3.0 ± 0.8 6.3 ±1.9 43 ± 12
Scarab beetles
Pachnoda marginata (larva) n.d.c 0.95 ± 0.3 20 ± 4.7b
Longhorn beetled
Hylotrupes bajules (larva) 0 1.24 0
“Values are the mean of two separate microscopic preparations from intestinal parts of three different arthropods "  
S.D. Of each microscopic preparation, 20 microscopic fields (0.08 x 0.08 mm) were counted. 
bA fraction of the bacteria were still attached to the wall after treatment by ultrasonication and PPi. 
cn.d : not done.
GOnly one larva of the longhorn beetle H. bajules was available for bacterial counts.
In most of the species of arthropods the number of bacteria in the hindgut exceeded by far the 
numbers in the other intestinal parts. For instance, in the hindgut of the cockroaches Periplaneta 
americana, Periplaneta australasia, Pycnoscelus surinamensis, Blaberus fuscus and 
Gromphadorrhina portentosa the number ofbacteria was about ten-fold higher than in the fore- 
and midgut. The house cricket Acheata domestica harboured 109, 1010, and 1011 bacteria (ml gut) 1 
in the fore-, mid-, and hindgut, respectively. To evaluate the reproducibilty of the direct count 
method, the microscopic counts performed in 5 |ll samples on a microscopic slide were compared 
with microscopic counts on nucleopore filters. Hindguts of P.americana, E.coli - cultures and 
sediment samples were used as test objects (Table 3). For all the samples tested the numbers of 
bacteria on nucleopore filters and in 5 |_ll samples on a microscopic slide were not significantly 
different (p > 0.1). For comparison, viable plate counts (aerobically on glucose pepton agar) of the 
intestinal parts of P. americana were performed. Counts obtained for foregut, midgut and hindgut 
were 5.5 x 106 (ml gut)"1,
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Table 3 Comparison of direct bacterial counts on black membrane filters and in 5 |_ll samples on a 
microscopic slide
Sample Bacterial counts on 
nucleopore filter11'5
Bacterial counts in 
5 |_ll samples on a slideae
P valueE
P. americana 1, hindgut 6.7± 1.1x1010 (ml gut)"1 10" 1.9x1010 (ml gut)"1 0.09
P. americana 2, hindgut 16" 2 .1x1010 (ml gut)"1 14" 3.7x1010 (ml gut)"1 0.55
P. americana 3, hindgut 
E. coli culture 1°
11" 0.3x 1010 (ml gut)"1 7.0 "  0.8 x 1010 (ml gut)"1 0.13
E. coli culture 2 13" 2.1x108 ml"1 12"  2.0 x108 ml"1 0.74
E. coli culture 3 7 .3" 1.5x108ml"1 5.4" 1.1 x 108 ml"1 0.18
Sediment 1d
8.5" 1.4x108ml"1 7.8" 1.5x108ml"1 0.72
Sediment 2 5.8 "  °.6 x 109 (gwetweight)"1 5.3 "  1.5 x 109 (gwetweight)"1 0.44
Sediment 3 6.7 "  0.6 x 109 (gwetweight)"1 7.5 "  0.5 x 109 (gwetweight)"1 0.29
5.3 "  0.6 x 109 (gwetweight)"1 4.1 "  0.4 x 109 (gwetweight)"1 0.08
“Numbers are the mean of four separate counts "  S.D.
bStatistical comparisons in the bacterial counts were made with the standard paired t test. The different methods 
are not significantly different when p > 0.1.
cE.coli cultures were incubated at 30°C in media containing 17.9 g / l  NaH2PO4 and 0.8% Nutrient Broth (Difco). 
Counts o f E.coli cells were performed when the cultures had reached the stationary growth phase. Cells were fixed 
prior to DAPI-staining (see M & M). Sonication did not affect bacterial numbers.
GSediment samples were obtained from mangrove sediments from Tanzania. A two-fold dilution was made in 
sterilized demineralized water with 3.7% formaldehyde, to which PPi (0.1 M) was added and subsequently treated 
as the hindgut suspensions of P. americana described in M&M.
HThe bacterial counts in the different cockroaches (1,2,3) were significantly different regardless the method used. 
3.6 x 10s (ml gut)"1 and 3.0 x 1010 (ml gut)"1, respectively.
DISCUSSION
To gain insight in the significance o f bacteria for digestive processes in arthropods, it is necessary 
to determine the bacterial numbers in the different parts of the intestinal tract. Direct microscopic 
techniques and molecular genetic approaches for enumerating bacteria in several ecosystems have 
revealed that abundances of bacteria exceed 10 to 104 times the numbers obtained by culture 
methods (1, 16, 21). Since most enumerations of bacteria in the intestine of arthropods described 
in the literature used culture-based methods, it is questionable whether these data are reliable 
(3, 4, 6 , 7, 15, 20). Moreover, these studies did not take into account the attachment of bacteria to 
the gut wall. Intestinal bacteria firmly adhere to the cuticula of the gut wall and are embedded in 
a dense mucus layer (Fig. 1) (2, 5, 6 , 7, 8, 20). Therefore, the development of a method for the 
release of these bacteria was essential. A combination of PPi or EDTA and ultrasonic treatments 
facilitated a nearly 100% release of bacteria from the gut wall (Fig 3). Mucoid substances may 
form polyanionic gels by binding H+, K+, Mg2+ and Ca2+-ions (9). The effectiveness o f PPi and 
EDTA could rely on the formation of complexes with Mg2+ and Ca2+, which could cause partial 
dissolution of the polyanionic gels. A different composition of the mucus layer in the hindgut of
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Millipede A, Chicobulus sp. and the larvae of Pachnoda, might be responsible for the decreased 
effectiveness of the treatment in these arthropods.
Direct microscopic counts of acridine orange or DAPI stained bacteria, using black membrane 
filters are standard techniques for the enumeration of bacteria in water and sediments (16, 10). 
These methods have also been used for bacterial counts in the intestinal tract of the firebrat, 
Thermobia domestica (19). The method described here also allows reproducible microscopic 
counts of DAPI stained bacteria in the intestine o f arthropods. However, it is less time-consuming 
and cheaper than direct microscopic counts on black membrane filters. Also for other ecosystems, 
such as sediments, this method can be useful for a rapid determination ofbacterial numbers.
The number of bacteria obtained by our direct microscopic counts in the intestinal tract of the 
cockroach Periplaneta americana (Table 2) were one to two orders of magnitude higher than the 
number of bacteria obtained by viable plate counts (this study, (6)). Calculations based on 
transmission electron microscopy (Fig. 1, 2) revealed up to 5 x 1012 bacteria (ml gut) 1 in the 
hindgut of P. americana and larvae of Pachnoda marginata. These numbers exceeded the numbers 
obtained by direct counts, which were 10 x 1010 and 2 x 1010 bacteria (ml gut) 1 for P. americana 
and P. marginata, respectively (Table 2). Since light microscopic evidence revealed that bacteria 
in different parts of the hindgut are not distributed homogeneously, the numbers calculated from 
Fig. 1 and 2 are overestimations. These numbers therefore indicated the maximum density of 
bacteria.
In vertebrates with rumen- or hindgut fermentation that rely almost completely on microbial 
activity for the digestion of food, bacterial numbers in the intestinal tract are up to 1011 m l1 (14). 
Comparable numbers of bacteria were also present in the hindgut of millipedes, Acheata 
domestica, cockroaches and larvae of Pachnoda marginata. Therefore, it is likely that in these 
arthropods bacteria are important for the digestion of food. In contrast, in the intestinal tract of 
Eurycanta calcarata and Schistocerca gregaria only low numbers of bacteria were present which 
exclude a significant contribution to the digestion of food. Apparently, there was no correlation 
between the size of the different intestinal parts and the numbers of bacteria present (Table 1, 2). 
For instance, the foregut and hindgut of larvae of Hylotrupes bajules were devoid of bacteria, 
although these intestinal parts were of a size comparable to the corresponding parts of Achaeta 
domstica and Pycnoscelus surinamensis. In the latter species significant numbers of bacteria are 
present. Even tiny hindguts (below 1 |ll) of larval cockroaches showed significant bacterial activity 
(unpublished results).
The high numbers of bacteria in some parts of the intestinal tract of the arthropods studied, 
suggested a significant contribution to digestive processes. Therefore, further research will focus 
on the significance of intestinal bacteria for the digestion of food in the different species of 
arthropods by measuring fermentation patterns (VFA, pH) and enzymatic activities.
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Fibre digestion in arthropods
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Summary
Fibre digestion in vivo was studied in eight species of arthropods. The highest degree of fibre 
digestion (61 - 65%) was measured in Schistocerca gregaria, Eurycanta calcarata and larvae 
of Pachnoda marginata. This approximates the fibre digestion of mammalian hindgut 
fermenters. The presence of propionic acid, butyric acid and i-valeric acid, in the different 
compartments of the intestinal tract of arthropods appeared to be a good indicator of microbial 
fermentation.
From the results it becomes clear that different strategies can be followed for the degradation of 
fibres. Cellulolytic enzymes can be produced by symbiotic microorganisms. In Pachnoda 
marginata larvae, fibre digestion was the result of this microbial activity. On the other hand 
Schistocerca gregaria and Eurycanta calcarata, which possess low numbers of bacteria in their 
intestinal tract, degrade fibres with the aid of endogenously produced enzymes. The origin of 
cellulolytic enzymes did not influence the efficiency of fibre digestion.
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INTRODUCTION
Many arthropods share the ability to feed on wood and fibre rich diets (7, 8, 10, 21, 28, 34). A 
considerable part of the diets of such arthropods consists of plant derived polymers such as 
lignin, hemicellulose and cellulose. In herbivorous mammals, the degradation of such polymers 
depends solely on microbial activity in highly differentiated compartments of the intestinal tract, 
e.g. forestomach and hindgut. The intestinal tract o f arthropods also harbours a wealth of 
microorganisms, which are believed to be engaged in the processing of the food (5, 6 , 9, 28). 
However, it is not clear whether microbial activity always plays a role in the degradation of fibres 
when significant numbers of microorganisms are present in the intestinal tract of herbivorous 
arthropods, since also the arthropod itself produces catabolic enzymes (28). Further, arthropods 
that live on a fibre rich diet could predominantly digest the cell soluble part of their diets.
The digestion of cellulose occurs by the combined action of the enzymes endoglucanase, 
exoglucanase and B-glucosidase (4). Comparable enzymes (e.g. endo- and exoxylanases) are 
needed for the breakdown of hemicellulose. In the salivary glands and the digestive tract of 
arthropods endoglucanases and B-glucosidases have been found (21, 34). However, data on 
exoglucanase activity of arthropod origin are sparse (13, 17, 31) and the significance of this 
enzyme for fibre digestion in arthropods is not clear (28).
This study was performed to gain insight in the potential contribution of intestinal bacteria to the 
digestion of fibres in various species of arthropods. To examine the relevance of dietary fibres 
for the energy metabolism of arthropods, fibre digestion in vivo was determined. In addition, the 
number ofbacteria present in the different parts of the intestinal tracts was estimated by direct 
counts, and concentrations of short-chain fatty acids (SCFA), like acetate, propionate and 
butyrate were measured as an indicator for bacterial activity. Furthermore, the activities of 
cellulolytic and hemicellulolytic enzymes were measured.
MATERIALS AND METHODS 
Arthropods and their diets
Arthropods were either collected from free-living populations (f) or from established cultures (c) and fed 
their particular diet. (Sub)family and / or order names are given between brackets. Millipede A 
(Diplopoda) (c), Chicobulus sp. (Diplopoda) (c), Schistocerca gregaria (Acrididae, Saltatoria) (c), 
Eurycanta calcarata, (Phasmidae) (c) Blaberus fuscus (Blaberinae, Blaberidae) (c) and Pachnoda 
marginata (Scarabaeidae, Coleoptera) (c), Lobbecke Museum, Düsseldorf, Germany; Acheata 
domesticus (Chrylloidea, Saltatoria) (c), University of Nijmegen, The Netherlands; Periplaneta 
americana (Blattinae, Blattidae) (f) and Gromphadorrhina portentosa (Oxyhaloinae, Blaberidae) (c), 
Artis Zoo Amsterdam, The Netherlands; Periplaneta australasia (Blattinae, Blattidae) (c), Hortus, 
Haren, The Netherlands; Pycnoscelus surinamensis (Pycnoscelinae, Blaberidae) (f), Burgers Zoo, 
Arnhem, The Netherlands; Mastotermes darwiniensis (Mastotermitidae, Isoptera) (c), Hylotrupes bajules 
(Cerambycidae, Coleoptera) (c), Desowag AG, Krefeld, Germany.
In vivo fibre digestion
Eight species of arthropods were used for the determination of fibre digestion in vivo. The cockroaches 
Periplaneta americana, Blaberus fuscus and Gromphadorrhina portentosa were kept at 29°C and at 
22°C in glass containers. They were fed dried alfalfa hay. Larvae of Pachnoda marginata were kept on
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dried beech litter in a glass container at 29° C. Fresh leaves of the blackberry plant were fed to individuals 
of Schistocerca gregaria andEurycanta calcarata, which were kept at 22°C. The housecricket, Acheata 
domesticus was kept at 30°C and fed green cabbage. Larvae of the longhorn beetle Hylotrupes bajules 
were kept at 22°C and burrowed in pieces of fir wood. Water was provided ad libitum, except for the 
longhorn beetle. For fibre analyses, faeces of the different species were collected and each sample was 
analyzed in triplicate.
Fibre and ash analyses
The fibre content in the diets and the faeces were determined as Neutral Detergent Fibres (NDF), 
according to the method of Goering & van Soest (14). The dry weight of the samples was determined 
(overnight at 80°C) before analyses were performed. For ash analyses the dried samples were ashed at 
550°C for 4h. Organic matter (OM) was calculated as the difference between dry weight (DW) and the 
amount of ash. Cell solubles (CS) were calculated as the difference between OM and NDF. It was 
assumed that the amount of ash in the diet remained unaltered during food-passage, since the arthropods 
will uptake only very small amounts of anorganic compounds. To calculate the digestion of NDF, CS 
and OM, the following formulas were used:
(1)NDF digestion % = (NDFd - (NDFf x ashd / ash)) / NDFd x 100%
(2) CS digestion % = (CSd - (CSf x ashd / ashf)) / CSd x 100%
(3) OM digestion % = (OMd - (OMf x ashd / ashf)) / OMd x 100%
in which NDFd, ashd, CSd, and OMd were the amount of these substances in the diet expressed as 
g /100 g DW; NDFf, ashf, CSf, and OMf were the amount of these substances in the faeces expressed as 
g /  100gDW (Table 1).
Preparation of hemicellulolytic and cellulolytic enzyme extracts
For the preparation of cellulase extracts from the intestinal tract we modified the method of Gijzen et 
al. (13). After anaesthetizing the arthropods under a stream of CO2, they were dissected under a 
stereomicroscope and the complete intestinal tract was removed. From the smaller insects, 1 -5 intestines 
were pooled for the preparation of the enzyme extract. Fore-, mid- and hindgut were separately immersed 
in 200 ^l to 2 ml (depending on the gut volume) of phosphate-citrate buffer (PCB) 0.4 M, pH 6.0, with
0.2 % Triton. The intestinal parts were cut into pieces and subsequently sonicated on ice (Branson B12, 
Danburg, Ct, USA, tipdiameter 3 mm, output 40 W) during 5 periods of 30 sec with 30 sec intervals for 
cooling. The suspensions were centrifuged (5 min; 15,000 x g), the supernatant was collected and the 
pellets were resuspended in demineralized water. This sonication procedure was repeated twice and the 
supernatants were pooled. The extracts obtained were stored at -20°C.
Enzyme assays
B-Glucosidase, carboxymethyl cellulase (CMC-ase) and xylanase (which is a hemicellulase) assays were 
performed according to Teunissen et al. (30). All enzyme reactions were performed in duplicate at 30°C 
and were linear over the incubation periods. For B-glucosidase, CMC-ase and xylanase, the incubation 
times were 20, 30 and 60 min, respectively. The xylanase reaction was stopped by placing the reaction 
tubes on ice. This was followed by centrifugation (5 min; 15,000 x g) to pellet residual xylan and the 
supernatant was analyzed for reducing sugars (22). For filter paper-ase (FP-ase) activity, 5 discs (1.7 mg 
each) perforated from Whatman°1 filterpaper, were added to 0.25 ml PCB 0.4 M, and 0.7 ml 
demineralised water. The reaction was started by the addition of 0.05 ml enzyme extract. After 2h the 
reaction was stopped by placing the reaction tubes on ice. Subsequently, the samples were centrifuged 
(5 min; 15,000 x g, at 4°C) to remove the filterpaper. The supernatant was analyzed for reducing sugars. 
Enzyme activities were expressed in U (ml gut)"1.
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pH measurements
The arthropods were dissected as described above and the complete intestine was removed. The pH 
measurements were performed with a Micro-Combination pH electrode (Orion, tipdiameter 1.7 mm) 
coupled to a portable pH/mV meter (A121, Ankersmit, Belgium).
Bacterial counts
For counts of bacteria the method used was recently developed and discussed in relation to culture based 
methods (9). Bacteria were removed from the intestinal compartments by the addition of 
tetrapyrophosphate (PPi, 0.1 M) and followed by ultrasonication (45 sec). The cells were stained with 
4',6-diamidino-2-phenylindole (DAPI) and direct microscopic counts were performed using 
epifluorescence microscopy.
Short-Chain Fatty Acids (SCFA)-analysis
For the determination of short-chain fatty acids, we modified the method described by Teunissen et al. 
(29). To 50 ^l of samples, obtained after the first ultrasonic treatment for cellulase extraction procedure,
5 |-ll i-butyric acid (57 mM) as an internal standard, 2.5 |_ll formic acid (98%) and 10 ^l periodic acid 
(66 mM) were added. After centrifugation (5 min; 15,000 x g) the supernatant was transferred to crimp 
top vials with tapered inner cone. Standard solutions of SCFA contained (final concentration): lactic 
acid, (10 mM); ethanol (10 mM); acetic acid (50 mM); propionic acid (13.4 mM); butyric-acid (5.67 
mM); i-valeric acid (9.8 mM); valeric acid (4.9 mM). To 1 ml of the standards, 100 ^l of i-butyric acid 
(57 mM), 50 ^l formic acid (98%) and 200 ^l periodic acid (66 mM) were added. After centrifugation 
(5 min; 15,000 x g), the supernatant was transferred to crimp top vials. Samples of 2 ^l were injected 
(split 1:1, split flow 1.7 ml / min) on a gas chromatograph (Hewlett Packard 5890, Series II Plus), 
equipped with a capillary column (HP-INNOwax, 30 m x 0.32 mm x 0.5 |-lm) and a FID detector with 
H2 as a carrier gas. The oven temperature programme was as follows: 2 min at 35°C, followed by a 
50°C / min temperature increase to a final temperature of 200°C, which was held for 3 min. Analyses 
were performed in duplicate. The results were analyzed with the Hewlett Packard Chemstation (Rev 
A0301).
Statistics
Statistical comparisons in the enzyme activities in the different gut segments were made with the 
standard paired t-test. Enzyme activities are not significantly different when p >0.1.
RESULTS 
Fibre digestion in vivo
The digestion of feed was measured on the basis of OM, CS and NDF analyses (Table 1). The 
digestion o f OM by cockroaches was relatively low (32% - 44%) in comparison with the 
digestion of OM by the other arthropods tested (50% - 65%; Table 2). All the eight species of 
arthropods digested fibres (analyzed as NDF) present in their diets (Table 2). Adults of 
Schistocerca gregaria, Eurycanta calcarata and the larvae of Pachnoda marginata, digested 
more than 60% of the fibres present in their diets. Insects with lower fibre digestion metabolized 
a larger fraction of CS than insects with higher fibre digestion with the exception of S. gregaria 
(70% of CS). The fibre digestion of cockroaches was measured at two temperatures and it was 
shown to increase with the higher temperature. However, the digestion of CS by cockroaches did 
not increase at a higher temperature.
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Table 1 Composition of the diets and the faeces produced by the different species of arthropods when 
fed their particular diet. The amounts of neutral detergent fibre (NDF), ash, cell solubles (CS) and 
organic matter (OM) are expressed asg / 100g dry weight
Sample1 NDF (g)b ash (g)b CSc(g) OM° (g)
Schistocerca gregraria 60 ± 0.9 13 ± 0.02 27 87
black berry leaves 60±3 5 ± 0.5 35 95
Acheata domestica 46± 6 23 ± 0.2 31 77
savoy cabbage 30±5 11 ± 1 59 89
Eurycanta calcarata 46 ± 0.1 12 ± 0.001 42 88
black berry leaves 59± 6 6 ± 0.8 35 95
Periplaneta americana 22 ° C
29 ° C 69 ± 0.3 18 ± 1.6 13 82
alfalfa hay 65 ± 0.8 21 ± 1.7 14 79
52± 1.3 13 ± 0.1 35 87
Blaberusfuscus
22 ° C 63 ± 0.2 18± 3.4 18 81
29 ° C 66 ± 0.5 21 ± 0.5 13 79
alfalfa hay 52± 1.3 13 ± 0.1 35 87
Gromphadorrhinaportentosa
22 C 74± 3 18± 0.2 8 82
29 C 72± 1.3 20 ± 0.8 8 80
alfalfa hay 52± 1.3 13 ± 0.1 35 87
Pachnoda marginata L. 75± 1.0 17 ± 0.4 8 83
beech litter 88± 4 7 ± 0.8 5 93
Hylotrupes bajules L. 91 ± 0.5 0.4 ± 0.09 8.6 99.6
fir wood 88 ± 0.5 0.2 ± 0.07 11.8 99.8
“Names of arthropods are the sample names for the faeces produced on the diets indicated. P. americana, B. 
fuscus and G.portentosa were kept both at 22°C and 29°C.
bThe amount ofNDF and ash are the mean of three separate determinations ± S.D.
cThe amount of CS and OM were calculated using the amount of NDF and ash (see also M&M section)
L.: larvae.
pH
The pH values in the different regions of the intestinal tract were measured to get insight into the 
environmental conditions for intestinal bacteria. In most arthropods tested, the pH in the foregut 
was 4.1 - 6.7, in the midgut 4.2 - 9.3 and the hindgut pH was 5.7 - 8.3. An exception was the 
intestine of the larvae of Pachnoda marginata, where the midgut was strongly alkaline (pH 9.5­
11.7).
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Table 2 Digestion ofNeutral Detergent Fibres (NDF), Cell Solubles (CS) and Organic Matter (OM)
Species Diet NDF
% digestion 
CS OM
Grasshoppers
Schistocerca gregaria blackberry leaves 62 70 65
Crickets
Acheata domesticus savoy cabbage 27 62 59
Stick and leaf insects
Eurycanta calcarata blackberry leaves 61 40 53
Cockroaches
Periplaneta americana alfalfa hay (2) 23d (74) 75a (32) 44a
Blaberusfuscus alfalfa hay (16)21 (66)79 (36)44
Gromphadorrhinaportentosa alfalfa hay (0)10 (84) 85 (32)40
Scarab beetles
Pachnoda marginata, L. beach litter 65 34 63
Longhorn beetles
Hylotrypus bajules, L. fir 48 64 50
“Values between brackets are the digestion experiments performed at 22°C and the underlined values are from 
the digestion experiments at 29°C.
L.:larvae.
Enzyme assays
B-Glucosidase (Table 3), CMC-ase (Table 4), and FP-ase and xylanase (Table 5) activities were 
measured in the fore-, mid- and hindgut of thirteen species of arthropods. The cellulolytic 
enzyme assays were performed at pH 6.0, which was within the range of the pH values measured 
in the different intestinal parts. B-Glucosidase, CMC-ase and xylanase were detected in all 
regions of the intestines of the arthropods tested, with the exception of the hindgut of larvae of
H. bajules in which no xylanase activity was detected. The lowest activities of B-glucosidase, 
CMC-ase and xylanase were found in the hindgut of most of the arthropods tested. In the 
intestine of A. domesticus, however, the enzyme activities in the hindgut were higher than in the 
foregut and the midgut. In comparison with the other arthropods, B-glucosidase and CMC-ase 
activity in the millipedes, A. domesticus and larvae of P. marginata were one to two orders of 
magnitude lower. FP-ase activities could not be detected in the insects tested except for the 
larvae of H. bajules. In this species FP-ase activity was restricted to the fore- and midgut, 
activities being 0.47 ± 0.06 U (ml gut) 1 and 0.2 ±0.1  U (ml gut) 1 in the fore- and midgut, 
respectively.
Intestinal bacteria
The numbers of bacteria in the different parts of the gastrointestinal tract were determined to 
estimate their potential contribution to digestive processes (Table 6). In the intestines of 
millipedes and cockroaches, the numbers of bacteria in the fore- and midgut varied between 1.4­
9.2 x 109 bacteria (ml gu t)1. These numbers were about one order of magnitude lower than in 
the hindgut of the same arthropods (1.5 - 9.8 x 1010 bacteria (ml gu t)1). Also in the hindgut of 
A. domesticus, M. darwiniensis and larvae of P. marginata the largest number of
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Table 3 Activity of B-glucosidase in gut extracts of various arthropods
P-Glucosidase activity (U (ml gut)"')a
Species foregut midgut hindgut
Millipedes
Millipede A 0.44E 0.28 0.04
Chicobulus sp. 0.45 ± 0.22** 0.65 ± 0.19* 0.23 ± 0.08
Grashoppers
Schistocerca gregaria 5.8 ± 1.7** 8.8 ± 1.7* 0.84 ± 0.64
Crickets
Acheata domesticus 0.0 1 ± 0.006* 0.08 ± 0.02* 0.15 ± 0.02
Stick insects
Eurycanta calcarata 2.3 ± 1.6** 1.6± 0.13* 0.38 ± 0.29
Cockroaches
Periplaneta americana 19± 15* 73 ± 30* 1.9± 2.8
Periplaneta australasia 31 ± 14* 65 ± 20* 2.0 ± 1.1
Pycnoscelus surinamensis 7.7 ± 11** 25 ± 22* 1.2 ± 0.06
Gromphadorrhinaportentosa 9.5 ± 2.1** 13± 7* 0.5 ± 0.2
Blaberusfuscus 0.3 ± 0.2** 4.6 ± 2.7* 0.21± 0.12
Termites
Mastotermes darwiniensis n.d. 2.34° 0.04
Scarab beetles
Pachnoda marginata, L. n.d. 0.28 ± 0.19** 0.13 ± 0.09
Longhorn beetle
Hylotrupes bajules, L. 109± 16* 13± 5.9* 1.5± 0.2
“Values are the mean of three separate measurements ±S.D.
bOnly one individual of Millipede A was available for enzyme measurements.
EValues are the mean of two measurements M. darwiniensis (± 20 guts of were pooled for the preparation of an 
enzyme extract).
*Supscript indicates that significant differences exist (p < 0.1) between B-glucosidase activity in fore- and 
midgut (column foregut) or mid- and hindgut (column midgut) of one species of arthropod.
**Supscript indicates that no significant differences exist (p > 0.1) between B-glucosidase activity in fore- and 
midgut (column foregut) or mid- and hindgut (column midgut) of one species of arthropod.
L.:larvae; n.d.: not done.
bacteria was found. In contrast, the numbers of bacteria in the intestinal parts of S. gregaria and 
E. calcarata were significantly lower (0.7 - 4 x 10s bacteria (ml gu t)1) and constituted only 0 .1 ­
1% of the numbers of bacteria found in corresponding parts of the intestinal tract of most other 
arthropods. Also in the fore- and hindgut of larvae of H. bajules significant numbers of bacteria 
could not be detected. Only in the midgut of these larvae up to 109 bacteria (ml gut) 1 were 
counted (Table 6).
Short-chain fatty acids (SCFA) profiles
The concentrations of ethanol and SCFA were measured in the foregut (Fig. 1A), midgut (Fig. 
1B) and hindgut (Fig. 1C) of thirteen species of arthropods. In general, no large differences in 
SCFA concentrations could be detected between the fore-, mid- and hindgut of one and the
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Table 4 Activity of CMC-ase in gut extracts of various arthropods
Species foregut
CMC-ase activity (U (ml gut)"')a
midgut hindgut
Millipedes
Millipede A 10b 12 1.7
Chicobulus sp. 3.4 ± 3** 0.8 ± 0.9** 0.3 ± 0.3
Grashoppers
Schistocerca gregaria 160± 59* 81± 68** 16 ± 10
Crickets
Acheata domesticus 0.97 ± 0.3* 2.4 ± 0.4** 4.3 ± 1.1
Stick insects
Eurycanta calcarata 48 ± 46** 57 ± 8.3* 7.7 ± 8.3
Cockroaches
Periplaneta americana 96 ± 86* 159 ± 72* 14 ± 21
Periplaneta australasia 5 7 ± 4* 171 ±51* 5.1 ± 0.2
Pycnoscelus surinamensis 17 ± 20* 8 7" 31* 7.1 ± 3.2
Gromphadorrhinaportentosa 116± 65* 220 ± 21* 7.4 ±1.3
Blaberusfuscus 1.1± 0.9** 75 ± 65** 2.1 ± 1.4
Termites
Mastotermes darwiniensis n.d. 52° 13
Scarab beetles
Pachnoda marginata, L. n.d. 0.69 ± 0.23* 0.29 ± 0.35
Longhorn beetle
Hylotrupes bajules, L. 298± 19* 43 ± 14* 14 ± 5.5
“Values are the mean of three separate measurements ±S.D.
bOnly one individual of Millipede A was available for enzyme measurements.
EValues are the mean of two measurements M. darwiniensis (± 20 guts of were pooled for the preparation of an 
enzyme extract).
*Supscript indicates that significant differences exist (p < 0.1) between CMC-ase activity in the fore- and 
midgut (column foregut) and the mid- and hindgut (column midgut) of one species of arthropod.
**Supscript indicates that no significant differences exist (p > 0.1) between CMC-ase activity in the 
fore- and midgut (column foregut) or the mid- and hindgut (column midgut) of one species of arthropod.
L: larvae; n.d.: not done.
same species. Butyric and i-valeric acid were detected in small amounts (< 3 mM) in most of the 
arthropods. Both fatty acids, however, were lacking in the intestinal tracts of S. gregaria and E. 
calcarata. Lactic acid and acetic acid exceeded by far the concentrations of the other SCFA; in 
two species of arthropods a lactic acid concentration above 120 mM was detected. Ethanol 
concentrations were low in the intestines of most o f the species, and in A. domesticus and H. 
bajules even below detection level (< 0.02 mM). The high ethanol concentration detected in the 
foregut of G.portentosa was most likely the result of contaminated food (apple; Fig. 1A).
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Table 5 Activity of xylanase in gut extracts of various arthropods
Xylanase activity (U (ml gut)"')a
Species foregut midgut hindgut
Millipedes
Millipede A 0 . 37b 0 15 0 13
Chicobulus sp . 6 . 7 ± 2  . 3** 1. 7±  1* 0 . 5±  0 . 7
Grashoppers
Schistocerca gregaria 5 . 2± 1 . 5** 5 . 3 ± 4  . 3** 1. 0 ± 0  . 5
Crickets
Acheata domesticus 0 .15" 0 . 07* 0 . 8 ± 0 . 4** 0 . 8 ± 0 . 2
Stick insects
Eurycanta calcarata 0 . 7±  0. 07** 1. 0 ± 0  . 7** 0 . 3±  0 . 2
Cockroaches 1. 0 ± 0. 6**
Periplaneta americana 1. 3±  0 .1* 0 . 8 ± 0  . 7** 0 . 3±  0 . 4
Periplaneta australasia 0 . 4±  0. 6** 5 . 2±  1.1* 0 . 34 ± 0 . 04
Pycnoscelus surinamensis 0 . 3±  0. 01** 2 . 2 ± 1. 7** 0 .1 ± 0  . 08
Gromphadorrhinaportentosa 0 . 4 ± 0  . 06* 0 . 3 ± 0  .1** 0 . 2 ± 0 .1
Blaberusfuscus 0 . 9 ± 0  . 3* 0 . 3±  0 . 2
Termites n d
Mastotermes darwiniensis 4 3 o 1.3
Scarab beetles n d
Pachnoda marginata, L . 0 .18 ± 0 .11** 0 . 6 ± 0 . 4
Longhorn beetle 4 . 0 ± 0  . 5*
Hylotrupes bajules, L . 1.1 ± 0 . 5* 0
“Values are the mean of three separate measurements ±S.D.
bOnly one individual of Millipede A was available for enzyme measurements.
EValues are the mean of two measurements M. darwiniensis (± 20 guts of were pooled for the preparation of an 
enzyme extract).
*Supscript indicates that significant differences exist (p < 0.1) between xylanase activity in the fore- and midgut 
(column foregut) and the mid- and hindgut (column midgut) of one species of arthropod.
**Supscript indicates that no significant differences exist (p > 0.1) between xylanase activity in the fore- and 
midgut (column foregut) or the mid- and hindgut (column midgut) of one species of arthropod.
L.: larvae; n.d.: not done .
DISCUSSION
Among herbivorous mammals, two different intestinal digestion systems exist, i.e. forestomach 
and hindgut fermentation. Mammals with a forestomach have a very efficient fibre digestibility 
(52-80%), whereas the efficiency of hindgut fermenters is lower (20-65%), which is due to a 
shorter retention time of the feed particles in the hindgut compared to the forestomach (1,18,19, 
33). Furthermore, lower efficiencies of fibre digestion in both forestomach and hindgut 
fermenters are correlated with the smaller size of the animal. The arthropods with hindgut 
fermentation, i.e. millipedes, crickets, cockroaches, termites, and scarab beetles, are much 
smaller (<  1 0 g) than mammals and consequently, also their
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Fig-1 Concentrations of lactic acid, ethanol and SCFA in the foregut (A), midgut (B) and hindgut (C) 
of thirteen species of arthropods . Values are the mean of three separate measurements, except for 
Millipede A (one single measurement) and Mastotermis darwiniensis (mean of two separate 
measurements) . Milli: Millipede A; Chic: Chicobulus sp . ; Schistocerca gregaria; Ach: Acheata 
domesticus; Eurycanta calcarata; Pa: Perplaneta americana; Pas: Periplaneta australasia; Pyc: 
Pycnoscelus surinamensis; Grom: Gromphadorrhina portentosa; Blab: Blaberus fuscus; Mas: 
Mastotermis darwiniensis; Pach: Pachnoda marginata (larvae); Hyl: Hylotrupes bajules (larvae) .
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Tabel 6 Numbers ofbacteria in intestinal segments of various arthropods
Bacterial counts (109 bacteria (ml gut)"1 )a
Species foregut midgut hindgut hindgut
protozoa*5
Millipedes
Millipede A (M) 1. 7±  1. 3 1. 4 ±0 . 52 15 ± 6 . 7C _
Chicobulus sp . (M) 1. 5±  1. 0 5. 5±  3.3 17± 5. 3C F
Grasshoppers
Schistocerca gregaria (NM) 0 . 07± 0. 08 0 .11" 0 . 03 0 . 38± 0. 44
Crickets
Acheata domestica (NM) 2 .1± 0  . 31 28 ± 1 190 ± 50
Stick and leaf insects
Eurycanta calcarata (NM) 0 . 2 1 ± 0  .1 0 .18" 0 . 23 0 .1 ± 0  .1
Cockroaches
Periplaneta americana (M) 5 . 9±  5 . 8 8. 3±  6. 8 67 ± 28 C
Periplaneta australasia (M) 1. 9±  0 . 9 5. 9±  4. 6 80± 11 C
Pycnoscelus surinamensis (M) 3. 6 ± 0. 98 9 . 2±  4 .1 98± 11 C
Gromphadorrhinaportentosa (M) 0 . 97 ± 0 . 76 3. 6 ± 2. 2 28 ± 12 C
Blaberusfuscus (M) 3. 0 ± 0  . 8 6 . 3±  1. 9 43± 12 C
Termites
Mastotermes darwiniensis (M) n. d. 5. 8 ± 4. 3 39 ± 12 F
Scarab beetles
Pachnoda marginata, L . (M) n. d. 0 . 95± 0. 3 20 ± 4 . 7C F
Longhorn beetled
Hylotrupes bajules, L . (NM) 0 1 24 0 _
“Values are the mean of three separate counts ± S.D. 
bF: flagellate; C: ciliate; data taken from reference (15).
EA fraction of the bacteria was still attached to the wall after treatment by ultrasonication and PPi. 
dOnly one larva of the longhorn beetle H. bajules was available for bacterial counts.
M: Methanogenic; NM: Non methanogenic (for assignation see reference 15).
L.: larvae; n.d.: not done.
hindguts have small volumes. The smallest hindguts of the arthropods tested in this study were 
in the order of 10 ^ l (9). Here we showed that these arthropods were able to digest fibres (Table
1) and that the fibre digestibility was in the range of the digestibilities of mammal hindgut 
fermenters. Earlier studies have demonstrated fibre digestion intermites (60% - 89%) and larvae 
of the scarab beetle (28%) and the longhorn beetle (21%), by comparing the fibre content in the 
diet and the faeces (5, 11, 24, 25). However, these studies did not base their calculations on an 
invariable component during food passage. In contrast, Zhang et al. (35) based their calculations 
on the assumption that little lignin was digested during food passage, similarly to the ash content 
used as a constant in this study. They demonstrated a cellulose and hemicellulose degradation 
in the cockroach Calolampra elegans up to 29% and 36%, respectively. For cockroaches kept 
at a temperature of29°C, almost identical digestion was observed in this study (Table 2).
An obvious discrepancy existed between the fibre digestion observed in vivo (Table 2) and the 
cellulolytic activities measured in the different compartments of the intestinal tract in the species
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of arthropods tested (Tables 3, 4, 5). The most striking difference was measured between S. 
gregaria and E. calcarata on the one hand and larvae of P. marginata on the other hand. This 
discrepancy could be due to differences in microbial activities in the intestinal tract of these 
arthropods (Table 6), or loss of synergistic effects between bacteria and their extracellular 
enzymes due to the extraction procedure. In the forestomach of mammals, where bacteria and 
protists are responsible for the fibre degradation, only low cellulolytic activities could be detected 
which did not correspond to the fibre digestion observed in vivo (12, 18). Also, in the intestinal 
tract of P. marginata low cellulolytic enzyme activities were measured, but high numbers of 
bacteria and some protozoa were present. Therefore, a significant contribution to fibre digestion 
of intestinal bacteria in the hindgut of larvae of P. marginata is suggested. Bayon (2) and Bayon
& Mathelin (3) used radioactive labelled substrates to show that Oryctes nasicornis larvae were 
able to degrade cellulose, but they failed to measure cellulolytic activities. They also suggested 
that intestinal bacteria were responsible for cellulose degradation in the hindgut of these 
Scarabaeidae larvae.
In the hindgut of arthropods with high numbers of bacteria, also methanogenic bacteria occur, 
with the exception of A. domesticus (15, 32, Tables 6). Since methanogenesis is a sink for the 
hydrogen produced by anaerobic fermentation, the presence of methanogenic bacteria appears 
to be a good indicator for microbial fermentative activity. In non-methanogenic insects, 
acetogenenis can be an alternative pathway for the removal o f hydrogen. After degradation of 
polymeric compounds present in the feed, monomers can be resorbed and metabolized by the 
insect or fermented by bacteria into compounds like acetic acid, propionic acid and butyric acid, 
which serve as a source of energy to the host (3, 6, 16, 20, 23). Whereas lactic acid and acetic 
acid were found in all the arthropods studied, propionic acid, butyric acid and i-valeric acid were 
lacking in the intestinal tract of E. calcarata and S. gregaria (Fig. 1). The absence of higher 
SCFA corresponded with the low counts of microorganisms in all intestinal parts of these insects 
(Table 6). Lactic acid and acetic acid are also metabolic products of the insect that are present 
in substantial amounts in the haemolymph. Therefore, it was not surprising that these compounds 
were also found in the intestines of E. calcarata and S. gregaria. Apart from these two insects, 
microbial fermentation appeared to be significant in the arthropods tested. We have no 
explanation for the very high concentration of lactic acid found in the midgut of Mastotermes 
darwiniensis and Periplaneta australasia. Literature on this topic is very scant.
The highest numbers of bacteria were found in the hindgut of most arthropods studied, with the 
exception of H. bajules, where bacteria were restricted to the midgut. Surprisingly, cellulase 
activities in the hindgut did not correlate with the numbers of bacteria (Tables 3, 4, 5, 6). 
Therefore, it was likely that cellulase activities in the fore- and midgut were produced 
endogenously by the salivary glands, whereas in the hindgut of these arthropods a microbial 
cellulolytic activity prevailed. Ingestion o f cellulolytic enzymes along with the food is unlikely 
since substrates used did not contain these activities. Our experiments suggested that in most 
arthropods tested, exoglucanase (FP-ase) played a minor role in cellulose digestion. On the other 
hand low amounts of crystalline cellulose in the diets may be the reason for low expression of 
FP-ase activity. In previous studies, it has been shown that exoglucanases are not necessary for 
cellulose degradation in the intestine of higher termites and cockroaches (26, 27). However, 
Gijzen et al. (13) showed a correlation between exoglucanase activity and the number of 
protozoa present in the hindgut of P. americana.
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We conclude that fibre digestion in vivo was possible without a significant intestinal microbial 
contribution in S. gregaria, E. calcarata and larvae of H. bajules. In contrast, in the intestines 
of larvae of P. marginata, bacteria were responsible for the fibre digestion. In the intestinal tract 
of the cockroaches tested and A. domesticus, however, a significant contribution ofbacteria to 
fibre digestion was not likely, although high numbers ofbacteria are present. The efficiency of 
fibre digestion by herbivorous arthropods apparently was not influenced by different evolutionary 
strategies.
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Plant fibre degradation and methane 
production in Pachnoda marginata larvae: 
in vivo and in vitro studies
Anne E. Cazemier, Bart Gottenbosch, Huub J.M. Op den Camp, 
Johannes H. P. Hackstein and Chris van der Drift
Summary
The microbial population from the hindgut of Pachnoda marginata larvae was cultivated in 
batch cultures with beech litter and filter paper as a substrate. The degradation of plant fibres 
and productions of methane and short-chain fatty acids in the hindgut cultures were compared 
to those in cultures inoculated with rumen fluid. Fibre (NDF) degradation in the hindgut 
cultures was only achieved after an alkaline pretreatment of the substrates. In the rumen 
cultures, plant fibre degradation of the substrates was also observed without pretreatment. 
The rate of plant fibre degradation by P. marginata larvae in vivo with beech litter or filter 
paper as a feed was 20 to 250 times higher than the degradation rate of these substrates in the 
cultures with hindgut microorganisms. Apparently, P. marginata larvae in vivo have a very 
efficient mechanism to degrade plant fibres.
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Anaerobic digestion of the organic fraction of domestic waste (biowaste) provides an 
attractive means of reducing disposal costs through reduction of waste volume and recovery 
of methane (1, 11, 13). However, the overall rate of anaerobic digestion is slow leading to 
long turn over times. In sediments, the complete anaerobic degradation of plant fibres to 
methane may need a week to months (16, 28). During the digestion of biowaste with a high 
content of cellulose and hemicellulose (up to 70%) it was found that the hydrolysis of these 
plant fibres governs the overall degradation rate (18). In contrast, in the gastrointestinal tract 
of herbivorous animals, like the rumen of ruminants and the intestinal tract of a number of 
insects, the residence time for the partial conversion of plant fibres to methane and short- 
chain fatty acids, is only one to two days (16, 28). The capacity of rumen microorganisms to 
efficiently degrade plant polymers to methane has been applied in a bioreactor fed with solid 
organic waste (12). However, the activity of rumen microorganisms is restricted to a narrow 
temperature range (35-40 °C). As an alternative, the microbial population from the intestinal 
tract of herbivorous insects, like cockroaches, termites or scarab beetles, could be used for 
this application. Larvae of the rose chafer Pachnoda marginata (Scarabaeidae, Coleoptera), 
were able to degrade up to 65% of the plant fibres present in their diet (8). The degradation of 
these plant fibres was considered to be the result of microbial activity in the hindgut. In other 
studies with Scarabaeidae larvae the importance of cellulolytic microorganisms residing in 
the intestine was assumed (3, 4, 25, 19, 21)
In Scarabaeidae larvae, two enlarged intestinal segments can be distinguished, the midgut and 
the hindgut (5, 25, 26). Both compartments are permanently filled with food (2, 19). In the 
midgut highly alkaline conditions exist (pH 11-12), which are considered to act as a 
precellulolytic phase for improved microbial degradation of the food in the hindgut (3, 9). 
The hindgut (pH 7-8) harbours large numbers of bacteria (1010-1011 (ml gu t)1), including 
methanogenic bacteria (3, 8, 15). This study was performed to establish whether the hindgut 
microorganisms could be cultivated in vitro. The production of methane and degradation of 
plant fibres was investigated with several substrates and compared to the in vivo situation. 
Further, the values were compared to cultures inoculated with rumen microorganisms.
MATERIALS AND METHODS 
Organisms
Individuals of Pachnoda marginata, collected from a culture at the Löbbecke Museum, (Düsseldorf, 
Germany) were kept in the laboratory on beech litter (collected near Nijmegen) and fed banana every 
week. The larvae were reared at29 °C and water was added ad libitum.
Substrate degradation in vivo
The rate and amount of total fibre (analysed as Neutral Detergent Fibre, NDF (14) and cellulose 
degradation by Pachnoda marginata larvae in vivo was determined with respectively beech litter and 
filter paper (Whatman No°1) as a substrate accoding to Cazemier et al. (9). Prior to the experiment, 
the methane production of the larvae was analysed. Individuals were transferred to 250 ml serum 
flasks with rubber stoppers and methane accumulating in the headspace was measured on a gas 
chromatograph with ethane as an internal standard. P. marginata larvae (7 individuals) were
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transferred to a glass jar containing beech litter or pieces of filter paper (± 15 g dry weight). A 
volume of 50 ml of water or a 1.5 g/l NH4Cl-solution with spore elements (0.2 ml/l; 22) and vitamins 
(27) were added to the beech litter and filter paper culture, respectively. The cultures were reared at 
29°C for 1 week. Larvae that died (none in the beech litter cultures, 3 and 4 in the filter paper 
cultures) during the experimental period were removed. The experiments were carried out in 
duplicate.
At the start and at the end of the experiment, the weight of the larvae and the substrates were 
determined. Beech litter and filter paper were dried at 40°C prior to weighing. The NDF and ash 
contents of the beech litter and filter paper were determined. The degradation rate of the NDF beech 
litter and filter paper was expressed as mg NDF/h/(ml gut) and mg cellulose/h/(ml gut) using an 
average hindgut volume of 0.3 ml (8).
Media and culture conditions
Anaerobic medium I (modified from 29; in g/l): K2HP04, 1.88; KH2P04, 0.939; NaHC03, 1.68; KCl,
1.6; NaCl, 1.43; NH4Cl, 0.15; MgS04.7H20, 0.037; CaCl2.2H20, 0.017; yeast extract, 0.1; 
Na2S.9H20, 0.164; cysteine, 0.314; 0.2 ml/l trace element solution (22), pH 7 - 7.2.
Anaerobic medium II (from 12) (g/l): NaHC03, 5.9; Na2HP04.12H20, 5.6; NaCl, 0.282; KCl, 0.36; 
MgCl2.6H20, 0.037; CaCl2.2H20, 0.017; NH4Cl, 0.15; Na2S.9H20, 0.164; cysteine, 0.316; yeast 
extract, 0.1; 0.2 ml/l trace element solution (22), pH 6.8-7.0. Resazurine (1:10,000) was added as 
redox indicator to both media.
The serum flasks were closed with rubber stoppers and aluminium caps. All media were sterilised at 
120 °C for 20 min. Inoculation of the media was carried out in an anaerobic cabinet under a N2 
atmosphere. The cultures were incubated under an atmosphere of N2/C02 (80/20 (v/v), at 0.5 atm 
overpressure). Controls were without addition of substrate. The methane and hydrogen production in 
the different cultures were monitored by gaschromatographic analysis of samples withdrawn from the 
serum bottle-headspace using ethane as an internal standard. At the end of the incubation time, the 
pH, short-chain fatty acid (SCFA) concentrations in the culture fluids and the NDF content of the 
substrates was determined.
Batch cultures with hindgut microorganisms
The intestinal tract of P. marginata larvae was prepared as decribed earlier (9). The hindguts of 10­
15 larvae were pooled in 30 ml anaerobic medium I. The hindguts were cut into pieces and the 
suspension was vortexed for 1 min. Preparation of the hindgut suspension was carried out in an 
anaerobic cabinet under a N2 atmosphere. Aliquots (2 ml) of the hindgut suspension were used to 
inoculated 8 ml of anaerobic medium I, containing 0.3 - 0.4 g of milled beech litter, Na0H-treated 
beech litter, filter paper and Na0H-treated filter paper as carbon sources in 50 ml serum flasks. 
Before use, beech litter was homogenised in a Waring blender, until pieces were smaller than 4 x 4  
mm. Na0H treatment of the substrates was carried out as follows: 15 g of milled beech litter or filter 
paper was stirred overnight in 800 ml of a Na0H (0.4%, w/v)solution and subsequently washed thrice 
with demineralised water. The pH was adjusted to 7 before the substrates were dried at 80°C.
The cultures were incubated on a rotary shaker (100 rpm) at 30°C, for 72 h. The incubations with 
hindgut microorganisms were performed with two different hindgut homogenates and performed in 
triplicate.
Batch cultures with rumen microorganisms
Rumen fluid was collected from a fistulated cow. Two series of batch cultures with rumen 
microorganisms were carried out, analogous to the hindgut cultures described above. The first series 
were standard rumen incubations (17), normally carried out to evaluate the the digestibility of feed
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for ruminants. Aliquots of 10 ml of rumen fluid were used to inoculate 40 ml of anaerobic medium II, 
containing 0.5 g milled beech litter, NaOH treated beech litter and filter paper in 100 ml serum flasks. 
Cultures were incubated in a rotary shaker (100 rpm) at 39°C and 30°C, for 72 h.
The second series were comparable to the incubations with hindgut suspensions and were performed 
as follows: 2 ml of rumen fluid were inoculated in 8 ml of anaerobic medium II, containing 0.3 -
0.4 g milled beech litter, NaOH treated beech litter or filter paper as a carbon source in 50 ml serum 
flasks. Cultures were incubated on a rotary shaker (100 rpm) at 39°C, for 72 h.
Gas analyses
Gaschromatographic analysis of methane was performed on a Pye Unicam GCD-chromatograph 
equipped with a Porapack Q 100-200 mesh column and flame ionisation detector. Hydrogen 
measurements were performed on an HP 5890 gas chromatograph equipped with the same column 
and a thermal conductivity detector.
Fibre and ash analyses
At the end of the incubation time, the total fibre content of the substrates in the different cultures 
were determined as Neutral Detergent Fibres (NDF), according to the method of Goering & van Soest 
(14). In addition, Acid Detergent Fibre (ADF) and lignin content of beech litter were determined. 
The dry weight of the samples was determined (overnight at 80° C) before analyses were performed. 
For ash analyses the dried samples were ashed at 550°C for 4 h. The degradation of NDF in the 
cultures was calculated as follows: (NDFs-ashs)-(NDFe-ashe), in which NDFS, ashV NDFH and ash, were 
the amount of these substances in the substrates expressed as g/100 g dry weight at the start (s) and at 
the end (e) of the incubation period.
Short-chain fatty acid (SCFA)-analysis
For the determination of short chain fatty acids, we modified the method described by Teunissen et 
al. (20). To 1 ml samples, 100 ^l L-butyric acid (5.67 mM) as an internal standard, 50 |_ll formic acid 
(98%) and 200 |-il periodic acid (15%) were added. Further analyses were performed as described by 
Cazemier et al. (9).
RESULTS 
NDF-degradation rate in vivo
The degradation rate of filter paper cellulose and total fibre (NDF) of beech litter by P. 
marginata larvae was determined to compare these values to the degradation rate of the same 
substrates by hindgut microorganisms cultivated in vitro. The methane production of the 
larvae used, with a weight of 2.5 to 3.5 g, was 150 to 400 nmol/h/(g body weight) at the start 
and at the end of the experiment after incubation on both substrates. The in vivo degradation 
rates of filter paper cellulose and NDF in beech litter and filter paper were comparable (Table
1).
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Table 1 Degradation of Neutral Detergent Fibre (NDF) of a number of substrates by P. marginata 
larvae in vivo and in 10 ml batch cultures inoculated with a suspension of their hindguts or with 
rumen fluid
Culture
NDF-degradation rate
NDF-degradation
(%) mg/h/(ml culture) mg/h/(ml inoculum)
P. marginata larvae
in vivo
Beech litter 65a 3.6b n.r
Filter paper 70 3.3 n.r
Hindgut (10 ml, 30°)d
Beech litter < 1 0 0
B-NaOHc 7.5 0.029 0.15
Filter paper < 1 0 0
FP-NaOH 10 0.013 0.13
Rumen (10 ml, 39°)e
Beech litter 5.7
B-NaOH 17 n.r. n.r.
Filter paper 22
n.r.: not relevant
D ata from Cazemier et al. (9).
bThe NDF-degradation rate in vivo is expressed as mg/h/(ml gut), using an average 
hindgut volume of 0.3 ml (8).
cB-NaOH and FP-NaOH are NaOH-treated beech litter and filter paper, respectively, 
as described in the M&M section.
dValues are the mean of two series of hindgut incubations performed in triplicate 
eValues are the mean of triplicate incubations.
Cultivation of the microbial population from the hindgut
The microbial population from the hindgut of P. marginata larvae was cultivated in batch 
cultures (10 ml), to study the potential of the hindgut microorganisms to degrade plant fibres 
and to produce methane in vitro. Beech litter was used as a model for a complex plant fibre 
rich substrate, since P. marginata larvae were cultivated on this substrate in the laboratory. 
The composition ofbeech litter is characterised by a high lignin content of21% (Fig. 1).
A suspension of hindguts was used to inoculate the cultures, to reduce the variation between 
individual hindguts. Assuming an average hindgut volume of 0.3 ml and 1010-1011 
bacteria/(ml gut) (8), it was calculated that the hindgut suspension harboured 109-1010 
bacteria/(ml supension). Two series of hindgut incubations were performed. Although the 
variations in the methane and hydrogen productions within one series of incubations were 
low (standard deviation (S.D.) 1 to 10% of the measured values), the variation between the 
two series of incubations was high (S.D. larger than the mean values, Fig. 2, 3). However,
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Fig. 1 Composition ofbeech litter.
the short-chain fatty acid (SCFA)-productions by the two series did not show such a large 
variation (Fig. 4).
The methane production in the hindgut cultures was highest with NaOH-treated beech litter 
(B-NaOH) as a substrate (Fig. 2A). The methane production in the cultures with filter paper, 
NaOH-treated filter paper (Fp-NaOH) or beech litter were comparable to the methane 
production in the control cultures. Likely, the amount of gut (contents) added with the 
inoculum influenced the methane production in all tests. At the end of the incubations, 
hydrogen was detected in all of the hindgut cultures (Fig. 3). The main SCFA produced were 
acetate (A), propionate (P) and butyrate (B) in all hindgut cultures. In addition ethanol was 
also produced (Fig. 4). The molar ratio A:P:B on all the substrates tested was comparable 
(Table 2). The highest SCFA production was measured in the cultures with B-NaOH. This 
corresponded to the methane production in these cultures. The pH value in the cultures with 
B-NaOH was lower (0.3 to 0.7 pH value) than in the cultures with the other substrates (Table
2).
Only a small amount of the NDF fraction in beech litter (7.5%) and filter paper cellulose 
(10%) was degraded after alkaline pretreatment o f the substrates (Table 1). Apparently the 
degradation of Fp-NaOH did not lead to a significant increase in methane production, 
compared to the control cultures.
Comparison hindgut and rumen batch cultures
Analogous to the hindgut cultures described above, 10 ml batch cultures inoculated with 
rumen fluid were performed, to compare the capacity to degrade plant fibres and produce 
methane and SCFA between the insect hindgut and rumen fluid in vitro. In the rumen cultures 
with beech litter and filter paper as a substrate, the amount of methane produced was 5 to 10 
times higher than in the hindgut cultures on these substrates (Fig. 2A, B). The methane 
production in the rumen cultures with B-NaOH as a substrate was comparable to the hindgut 
cultures. Hydrogen was not detected in the rumen cultures. The total amount of SCFA in the 
rumen cultures on all the substrates tested was about two times higher than in the hindgut 
cultures (Fig. 4). The major SCFA produced in the rumen cultures were acetate, propionate 
and butyrate, which corresponded to those produced in the hindgut cultures (Fig. 4). The 
molar ratio A:P:B in the hindgut and rumen cultures with beech litter as a substrate and in the 
control cultures were comparable (Table 2). However,
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Fig. 2 Production of methane in 10 ml batch cultures inoculated with the microbial population from 
the hindgut of P. marginata larvae (A) or from the rumen of a cow (B). Beech litter (B), NaOH- 
treated beech litter (B-NaOH), filter paper (Fp) or NaOH-treated filter paper (Fp-NaOH) were used 
as a substrate. Controls were without substrate.
in the rumen cultures with B-NaOH and filter paper as a substrate, 1.5 to 3 times more 
propionate was produced compared to the other cultures. In the rumen cultures the amount of 
plant fibre degradation was about two times higher than in the hindgut cultures on all the 
substrates tested (Table 2). An alkaline pretreatment of beech litter increased the NDF- 
degradation of this substrate, but a small amount (5.7%) was also degraded without this 
treatment. Filter paper was degraded without an alkaline pretreatment. Due to a drop in pH 
(to pH 5.6, Table 2) the degradation of filter paper cellulose was likely inhibited.
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Fig. 3 The amount of hydrogen after 72 h of incubation in 10 ml batch cultures inoculated with the 
microbial population from the hindgut of P. marginata larvae. Beech litter (B), NaOH treated beech 
litter (B-NaOH), filter paper (Fp) or NaOH treated filter paper (Fp-NaOH) were used as a substrate. 
Controls were without substrate.
Fig. 4 Fermentation products after 72 h of incubation in 10 ml batch cultures with the microbial 
population from the hindgut of P. marginata larvae (H) or from the rumen of a cow (R). Beech litter 
(B), NaOH treated beech litter (B-NaOH), filter paper (Fp) or NaOH treated filter paper (Fp-NaOH) 
were used as a substrate. Controls were without substrate. Eth: ethanol; Acet: acetate; Prop: 
propionate; But: butyrate; i-Val: isovaleriate; Val: valeriate.
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Table 2 pH values and molar % of the main short-chain fatty acids after 72 h 
of incubation in 10 ml cultures with hindgut and rumen microorganisms
Culture pH
A
Molar %a 
P B
Hindgut (30°)
Beech litter 6.3 ± 0.07 79 18 3
B-NaOH 6.0 ± 0.09 70 26 4
Filter paper 6.7 ±0.07 85 12 3
Fp-NaOH 6.3 ± 0.19 80 17 3
Control 6.9 ± 0.07 74 15 11
Rumen (39°)
Beech litter 6.4 ± 0.05 78 15 7
B-NaOH 6.2 ± 0.02 57 38 5
Filter paper 5.6 ±0.01 60 34 6
Fp-NaOH n.d.
Control 7.4 ± 0.05 74 15 11
n.d.: not done.
DA: acetate; B: butyrate; P: propionate.
bB-NaOH and FP-NaOH are NaOH-treated beech litter and filter paper, respectively, 
as described in the M&M section.
Biodegradability of beech litter
Standard rumen incubations were performed with beech litter as a substrate to test the 
biodegradability of this substrate in vitro at both 39°C and 30°C. The methane production in 
rumen cultures at 39°C were 1.5 to 2 times higher than those at 30°C (Fig. 5). The highest 
methane production was detected in the rumen cultures at 39°C with filter paper as a 
substrate. The concentrations of SCFA in the rumen cultures at 39°C were somewhat higher 
than those in the cultures at 30°C (Fig. 6). Acetate was the major SCFA produced in all the 
cultures. No H2 was detected in the rumen cultures. The degradation of filter paper cellulose 
and the NDF-fraction in B-NaOH in the rumen cultures at 39°C was, respectively, 1.4 and 3.5 
times higher than in the rumen cultures at 30°C on these substrates (Table 3). In the rumen 
cultures at 39°C a significant amount o f the NDF-fraction in beech litter was also degraded 
without alkaline pretreatment. At the end of incubations the pH in the rumen cultures at 30°C 
and 39°C with (NaOH-treated) beech litter was 6.9-7.0. With filter paper as a substrate the pH 
was 5.6 and 6.3 for the rumen cultures at respectively 30° and 39°C. Due to this drop in pH, 
the degradation of filter paper was likely inhibited.
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Fig. 5 Production of methane in standard rumen incubations (50 ml batch cultures) incubated at 30°C 
and 39°C. Substrates were beech litter (B), NaOH-treated beech litter (B-NaOH), and filter paper 
(Fp). Controls were without substrate.
Fig. 6 Production of short-chain fatty acids (SCFA) after 72 h of incubation in 50 ml batch cultures 
inoculated with rumen microorganisms incubated at 30°C and 39°C. Substrates were beech litter (B), 
NaOH-treated beech litter (B-NaOH), and filter paper (Fp). Controls were without substrate. Acet: 
acetate; Prop: propionate; But: butyrate; i-Val: isovaleriate; Val: valeriate.
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Table 3 Degradation ofNeutral Detergent Fibre (NDF) in 
standard rumen incubations
Culture NDF-degradation (%)
39°C
Beech litter 12
B-NaOHD 15
Filter paper 68
30°C
Beech litter < 1
B-NaOH 4.4
Filter paper 48
aB-NaOH is NaOH-treated beech litter as described in the M&M section.
DISCUSSION
This study shows that the microbial population from hindgut of Pachnoda marginata larvae 
was able to degrade part of the plant fibres present in beech litter and filter paper in vitro. 
However, the amount and rate of plant fibre degradation by hindgut microorganisms in vitro 
was much lower than those values measured in the larvae in vivo (Table 1; (9)). Beech litter 
contains about 21% lignin (of dry weight, Fig. 1). Lignin degradation can only be achieved 
through formation of oxygen radicals, and thus depends on aerobic conditions. Under 
anaerobic conditions, lignin strongly influences the biodegradability of plant fibres. Op den 
Camp et al. (17) showed a linear correlation between lignin content and total fibre (NDF) 
degradation in standard rumen incubations. A similar relationship was established by 
Chandler et al. (10). On the basis of forementioned correlations, 21-30% of plant fibre in 
beech litter would be accessible to anaerobic degradation. The results with cultures inoculated 
with rumen fluid show that a smaller amount (± 6 and 12% in the 10 ml and 50 ml cultures, 
respectively) of plant fibre in beech litter was degradable than the estimated value. Beech 
litter apparently is a very recalcitrant substrate. An alkaline pretreatment of beech litter 
increased its biodegradability in the rumen cultures, likely through solubilisation of part of 
the lignin. Since the results from the standard rumen cultures (50 ml) and the 10 ml batch 
cultures were comparable, it was appropriate to compare the capacity to degrade plant fibres 
and produce methane and SCFA by the insect hindgut and rumen fluid in vitro, in batch 
cultures with a volume of 10 ml. Larvae of P. marginata are able to digest 65 and 70% of 
plant fibres present in beech litter and filter paper, respectively (Table 1). Apparently, P. 
marginata larvae have a very efficient mechanism to degrade the plant fibres. In vivo, the 
substrate passes through an alkaline environment in the midgut of P. marginata larvae (pH
10 - 11; 9). These extreme alkaline conditions, which are also found in the intestine of 
termites and other scarab beetles (3, 6), may act as a precellulolytic phase for an increased 
microbial fermentation in the hindgut (3, 7). In vitro, the hindgut microorganisms were only 
able to degrade a significant amount of filter paper or the NDF part in beech litter after an 
alkaline pretreatment of the substrate (Table 2). However, this degradation was 20 to 250 
times lower than the plant fibre degradation measured in vivo. Two reasons can be given to
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explain the differences between in vivo and in vitro plant fibre degradation: i) 
Microorganisms with (hemi)cellulolytic activity are not able to survive under the culture 
conditions used. ii) P. marginata larvae secrete their own (hemi)cellulolytic enzymes, which 
are indispensable for efficient fibre degradation. In larvae of the scarab beetle Oryctes 
nasicornis, microbial degradation was presumed to take place in the hindgut, but in the 
midgut cellulolytic enzymes would originate from the insect itself (3, 4). Also the lower 
termite Reticulitermes speratus, which depends on cellulolytic protozoa for its survival, 
produces, in addition, endogenous cellulases (23, 24). When microorganisms from the rumen 
are cultivated in vitro, the degradation of plant-derived fibres and cellulose is comparable to 
the in vivo situation (12). Apparently, the rumen microorganisms do not need host specific 
conditions. Nevertheless, the capacity to degrade plant fibre was reduced significantly when 
the rumen cultures were incubated at 30°, compared to the incubations at 39°C (Table 3).
The results presented above show that it was possible to cultivate the microbial population 
from the hindgut of P. marginata larvae in batch cultures, although only a small amount of 
the plant fibres were degraded and converted to methane, in contrast to the in vivo situation. 
Therefore, it seems likely that the insect itself plays an important role in the conversion of its 
natural feed.
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Sum m ary
Intestinal microorganisms play an important role in plant fibre degradation by larvae of the rose 
chafer Pachnoda marginata. In the hindgut of the larvae 2.5 to 7.4 x 10s bacteria per ml o f gut 
content with xylanase or endoglucanase activity were found. Bacteria in the midgut were not 
(hemi)cellulolytic, but the alkaline environment in this part of the intestinal tract functions as a 
precellulolytic phase, solubilizing part o f the lignocellulose material. Accordingly, the 
degradation of lignocellulose-rich material in P. marginata larvae, appeared to be a combination 
of a physico-chemical and microbiological process. A number of different facultative anaerobic 
and strict anaerobic bacteria with (hemi)cellulolytic activity were isolated from the hindgut. The 
dominant (hemi)cellulolytic species was a Gram positive, irregular shaped, facultative anaerobic 
bacterium. Further physiological identifications placed the isolate in the genus Cellulomonas. 
Comparative 16S rDNA analysis and some phenotypic features revealed that the isolate 
represented a new species for which the name Cellulomonas pachnodae is proposed. C. 
pachnodae produced xylanases and endoglucanases on several plant derived polymers, both under 
aerobic and anaerobic conditions.
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INTRODUCTION
Plant cell walls consist of three major polymers: cellulose, hemicellulose and lignin. Cellulose, 
which is composed of ß-1,4 linked D-glucopyranosyl residues, is hydrolyzed by the combined 
action of endo-1,4-ß-glucanases, exo-1,4-ß-glucanases and ß-1,4-glucosidases. The major 
component of hemicellulose is xylan, which is hydrolysed by ß-1,4-xylanases and ß-1,4- 
xylosidases (5, 36). In herbivorous insects thriving on a lignocellulose-rich diet, these enzymes 
may originate from intestinal microorganisms and/or from the host itself (6 , 11, 12, 31, 37, 39). 
Most research on this subject has been focussed on termites and cockroaches. Little is known 
about lignocellulose degradation in scarab beetles. Larvae of this insect have a distinctive 
intestinal tract, consisting of an enlarged midgut and hindgut (9,10). Scarab beetle larvae digested 
up to 65 % of the plant fibres present in their diet and the intestinal microorganisms were 
considered to be essential for this digestion (2, 3 ,4 , 11, 28, 33).
For this study, larvae of the rose chafer Pachnoda marginata (Scarabaeidae, Coleoptera) were 
used. The alkaline midgut (pH 11-12) of these larvae was shown to contain considerable numbers 
of bacteria, as determined by direct counts of DAPI stained cells (109 bacteria ml g u t1 (10)). 
However, it was not clear whether these bacteria play a role in cellulose degradation (11). The 
hindgut of P. marginata larvae harbours a 100 to 1000 times higher number of bacteria in 
comparison with the midgut (10). Since only low numbers of protozoa were found in the hindgut
(18), it was assumed that hindgut bacteria are most important in cellulose and hemicellulose 
degradation. Already in 1926 (40), a cellulolytic bacterial species was isolated from enrichment 
cultures inoculated with hindgut contents of a rose chafer, and identified as Bacillus cellulosam 
fermentans. However, no indications were given about the importance of this bacterium in vivo. 
In this study, we enumerated midgut and hindgut bacteria with hemicellulolytic and cellulolytic 
activity both under aerobic and anaerobic conditions. A dominant hindgut (hemi)cellulolytic 
bacterium was further identified with respect to the 16S rDNA sequence and physiological 
properties.
MATERIALS AND METHODS 
Cultivation of Pachnoda marginata larvae
Individuals of Pachnoda marginata (Scarabaeidae, Coleoptera) obtained from a culture at the Löbbecke 
Museum, (Düsseldorf, Germany) were kept in the laboratory on beech litter (collected in a forest near 
Nijmegen) and fed banana every week. The larvae were reared at 29 °C and water was fed ad libitum.
Media
Medium I: pepton, 5 g/l; yeast extract, 2 g/l; K2HP04, 1 g/l; MgS04.7H20, 0.2 g/l; Na2S.9H20 , 0.16 g/l; 
cysteine, 0.32 g/l.; Na2C03, 10 g/l (sterilized separately); pH 10.3.
Medium II, modified from (42): K2HP04, 1.9 g/l; KH2P04, 0.94 g/l; NaHC03, 1.68 g/l; KCl, 1.6g/l;NaCl,
1.43 g/l; NH4Cl, 0.15 g/l; MgS04.7H20, 0.037 g/l; CaCl2.2H20, 0.017 g/l; yeast extract, 0.1 g/l; 
Na2S.9H20, 0.16 g/l and cysteine, 0.32 g/l; 0.2 ml/l trace element solution (39); pH 7 - 7.2. Resazurine 
0.0001 % (w/v) was added as a redox indicator to the anaerobic media. If not mentioned otherwise, 
anaerobic incubations were performed in 50 ml serum flasks closed with butyl rubber stoppers and 
aluminium caps. The gas phase was N2/C02 (80/20, at 0.5 atm overpressure). For cultivation under 
aerobic conditions Na2S.9H20, cysteine and resazurine were omitted from medium I and II. In addition, 
NaHC03 was not added to medium II under aerobic conditions. Serum and Erlenmeyer flasks were
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incubated on a rotary shaker (100 rpm) at 30 °C.
Medium III, modified from (17): NaN03, 2 g/l; K2HP04, 2 g/l; MgS04.7H20, 2 g/l; KCl, 1 g/l; yeast 
extract, 2 g/l and glucose, 5 g/l; pH 7.0.
The media were sterilized (121°C, 20 min), and where necessary, solidified with agar (15 g/l). The 
different compounds were from Merck, Gibco, or Difco.
Enrichment and counts of hemicellulolytic and cellulolytic bacteria
P. marginata larvae were kept on two different diets for a period of 3 weeks before enumeration and 
isolation of bacteria from the intestinal tract. Diet 1 consisted of sterilized (121 °C, 20 min) beech litter 
and diet 2 consisted of filter paper pieces (Whatman N°1), soaked in a solution of 1.5 g/l NH4Cl as a 
source of nitrogen. The diets were replaced every week. Larvae that died during the experimental period 
were removed (5 and 12 individuals from the 20 kept on the beech litter and filter paper diet, 
respectively). Before dissection, individual larvae were placed in 250 ml serum flasks with rubber 
stoppers and their CH4-production was analyzed. CH4 was measured on a gas chromatograph with ethane 
as an internal standard. The preparation of the intestinal tract was performed as described previously (10). 
For viable plate counts, the midgut was suspended in 10 ml anaerobic medium I and subsequent ten-fold 
serial dilutions (up to 109) were made in tubes with screw caps containing 9 ml of medium I, under a N2 
atmosphere (0.2 atm overpressure). From each dilution, 100 ^l aliquots were spread on plates with 
solidified medium I containing glucose (10 g/l), carboxymethylcellulose (CMC, sodium salt, low 
viscosity; Sigma); 10 g/l) or xylan (from oat spelts; Sigma); 1 g/l) as carbon sources.
For viable plate counts from the hindgut a similar procedure was followed as described for the midgut, 
except that serial dilutions (up to 10"8) were made in an anaerobic physiological salt solution (0.9% w/v 
NaCl, reduced with Na2S.9H20, 0.16 g/l and cysteine, 0.32 g/l) under a N2 atmosphere (0.2 atm 
overpressure). From each dilution, 100 ^l aliquots were spread on agar plates with medium II, containing 
glucose (10 g/l), CMC (10 g/l) or xylan (1 g/l) as carbon sources.
Preparation of the dilution series and platings for anaerobic incubations of both the midgut and hindgut 
suspensions were carried out in an anaerobic hood under N2 atmosphere. Anaerobic incubation of the 
plates with the midgut and hindgut dilution series was carried out in a ja r under respectively N2 and 
N2/C02 (80/20) (both at 0.2 atm overpressure). The dilution series were also used for platings under 
aerobic conditions. Per diet, duplicate series of dilutions from two different midguts and hindguts were 
incubated at 30°C, under aerobic and anaerobic conditions. After 4 weeks of incubation the colonies 
formed were counted. The anaerobic plates remained colorless during the incubation period. 0n plates 
containing CMC, only those colonies were counted around which a clear zone was observed after staining 
with a solution of Congo red (1 mg/ml) (34). Xylanase activity was detected by a clear zone of solubilized 
xylan around the colony in a turbid plate.
As a control, bacterial counts of unsterilized beech litter were performed. Dried beech litter was 
homogenized in a Waring blender until pieces were smaller than 4x4 mm. A suspension of homogenized 
beech litter was made in a physiological salt solution and mixed vigorously. Dilutions and platings were 
performed as described for the midgut and hindgut suspensions.
In addition to viable plate counts from the hindgut, cultures of medium II (9.5 ml) with 0.2 % xylan (from 
oat spelts Sigma) or phosphoric-acid-swollen Avicel PH 105 (Serva) as a carbon source, were inoculated 
with 0.5 ml of the diluted hindgut suspensions. Phosphoric acid swollen Avicel was produced as 
described by Wood (41). After 7 days of enrichment under aerobic and anaerobic conditions, aliquots 
were plated on solidified medium II, with xylan (1 g/l) or CMC (10 g/l) as a carbon source.
Pure cultures of bacteria were obtained after repeated streaking on fresh plates. Picked colonies were 
checked microscopically. The ability of the different isolates to secrete xylanase and CMC-ase activity 
was tested both under aerobic and anaerobic conditions as described above.
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Characterization and identification of the isolates
The cell and spore morphologies of the different isolates with xylanase or CMC-ase activity were 
examined microscopically in basal medium II, with glucose (5 g/l) as a carbon source. Their ability to 
grow anaerobically was tested in the same medium. The presence of spores was also examined after 
malachite green (5%-solution) staining. The presence of aerial hyphae was determined microscopically. 
Further characteristics of the isolates were analyzed with API 20B and APIzym strips (API system, 
Montalieu-V ercieu).
Characterization of strain VPCX2
A dominant isolate, strain VPCX2, obtained by viable plate counts from the hindgut was further 
characterized by the Identification Service, Laboratory ofMicrobiology Delft (LMD) the Netherlands, 
using API coryne strips (Montalieu-Vercieu) and Biolog GP microplates and the computer programs 
APILAB (bioMerieux), ATB plus (bioMerieux), Electronic Codebook (BBL), MICR0L0G (Biolog), 
Bactselect (LMD collection) and Biobase/Bacterial identifier/Microise. In addition, the ability of strain 
VPCX2 to grow aerobically on acetate as a carbon source was tested in triplicate in 50 ml of medium II, 
containing 5 g/l acetate (sodium salt, Merck) on a rotary shaker (100 rpm) at 30°C. To test whether strain 
VPCX2 would survive pasteurization, a 1 -ml sample of an overnight culture of strain VPCX2 in medium
II with glucose (5 g/l), was heated at 63 °C for 30 min (in triplicate). Subsequently, the heated 1 -ml sample 
was inoculated in 20 ml of 3% BHI medium, which was incubated aerobically during 5 days in a rotary 
shaker at 30°C, 100 rpm. The peptidoglycan type of the cell wall of strain VPCX2 was determined by the 
'Deutsche Sammlung von Mikroorganismen und Zellkulturen' (DSMZ).
SEM and phase contrast micrographs
A 1-ml sample of culture fluid from strain VPCX2 in 3% BHI and medium II with glucose as a carbon 
source was centrifuged in an Eppendorf centrifuge. The cell pellet was suspended in medium II. A small 
quantity was transferred to a round cover slip and cells were fixed with a 1% 0 s0 4-water solution. The 
material was dehydrated by a series of graded ethanol solutions and finaly with 100% amyl acetate. The 
preparation was coated with gold (10 nm) in a Balzers Union and examined in a Jeol JSM-T300 scanning 
electron microscope. Phase contrast micrographs were made with a microscope (Leitz Wetzlar, Dialux
20 EB) at a magnification of 400.
16S rDNA sequencing
For DNA extraction, strain VPCX2 was cultivated in medium III. DNA was extracted as described by
(19). Cells were harvested by centrifugation, resuspended in suspending buffer (10 mM Tris-HCl, pH 8.0;
1 mM EDTA; 0.35 M sucrose) and incubated with lysozyme (10 mg/ml) for 1 h at 37°C. Subsequently, 
the cell suspension was incubated with lysing solution (100 mM Tris-HCl, pH 8.0; 0.3 M NaCl; 20 mM 
EDTA; 2% (w/v) SDS; 2% (v/v) 2-mercaptoethanol and 100 ^g/ml proteinase K) for 2 h at 50°C. DNA 
was extracted three times with phenol:chloroform:isoamylalcohol (25:24:1), precipitated with ethanol 
and resuspended in suspending buffer without sucrose. Following 30 min of incubation with RNase A 
(10 |-lg/ml) and RNase Tj (25 U/ml) at 37°C, the DNA was again extracted and precipated once as 
described above. The DNA purity and concentrations were determined spectrophotometrically.
The following universal eubacterial primers were used for amplification of the 16S rDNA sequence: 
19F0R 5'-GAGTTTGATCCTGGCTCAG-3', 902REV 5'-CCGTCAATTCCTTTGAGTTT-3', and 
1522REV 5'-AAGGAGGTGATCCAGCCGCA-3', derived from (15); 517REV 5'- 
ACCGCGGCT GCT GGC-3', derived from(1); 500F0R5'-TGTGCCAGCAGCCGCGGTAA-3', 1050F0R 
5'-GTGCATGGCTGTCGTCAG(CT)TC-3', and 1161REV 5'-TGACGTCATCCCCACCTT-3', developed 
in our lab based on an alignment of eubacterial 16S rRNA genes. All these primers were based on E. coli 
numbering. The numbers of two primers were based on the newly obtained 16S rDNA sequence from 
strain VPCX2: 754-774F0R 5'-GATACCCTGGTAGTCCATGC-3', 1224-1206REV 5'-
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CGCAGCCCTCTGTACCGG-3'. Primers were from Biolegio, Eurogentec and Gibco. The PCRreaction 
was carried out in a DNA Thermal Cycler 480 (Perkin Elmer Cetus), starting with 5 min denaturation at 
94°C, with subsequent 25 cycles consisting of: 94°C for 1 min, 50°C for 1 min and 72°C for 2 min. A 
final extension of 72°C for 10 min was performed. PCR products were purified with WIZARD™ PCR 
Preps DNA purification system (Promega) and ligated in pGEMT-easy (Promega), as recommended by 
the manufacturer. Plasmid DNA was introduced into E. coli cells by electroporation with a Bio-Rad Gene 
Pulser. Nucleotide sequencing reactions were performed with purified double strand plasmid DNA using 
AmpliTaq FS DNA polymerase fluorescent dye terminator reactions (Perkin-Elmer) as recommended by 
the supplier. Both strands were sequenced, using T7 and SP6 primers. Sequencing products were detected 
using an Applied Biosystems 373 stretch automated sequencer (Applied Biosystems Inc.).
Phylogenetic analysis
The 16S rDNA sequences of representative Cellulomonas species and other closely related species were 
obtained from searches in the EMBL and Genbank data bases performed with the programs BLAST 2.0 
and FASTA. The 16S rDNA sequences of 17 described species and the newly derived 16S rDNA 
sequence were aligned using the program PILEUP (14). A phylogenetic tree was constructed by the 
Neighbor-joining method (29) and the stability of the relationships was assessed by using the programs 
SEQB00T, DNADIST, NEIGHB0R and C0NSENSE ofthe PHYLIP package (16).
Growth on different substrates
Growth of strain VPCX2 was tested in 20 ml of basal medium II with 0.5% (w/v) of the following 
substrates as carbon sources: xylan (from oat spelts), CMC, cellobiose, pectin, amylopectin, starch 
(wheat), locust bean gum, arabic gum, xylose, glucose (Merck), brain heart infusion broth (BHI) (Gibco) 
nutrient broth (Difco), homogenized beech litter, Na0H treated beech litter, milled filter paper (Whatman 
N°1), Na0H treated filter paper. The Na0H treatment was carried out as follows: 15 g of homogenized 
beech litter or filter paper was stirred overnight in 800 ml of 0.4% (w/v) Na0H and subsequently washed 
three times with demineralized water. Incubations were performed under aerobic and anaerobic 
conditions. In this case, the anaerobic medium did not contain NaHC03. Therefore, these anaerobic 
incubations were under N2 atmosphere (0.5 atm overpressure). Growth was determined microscopically 
and by increase in optical density at 600 nm.
Analyses of fermentation products
The fermentation products in the anaerobic cultures of strain VPCX2 on glucose and xylose described 
above, were analyzed. Lactate, ethanol and short-chain fatty acids in the culture supernatant were 
measured on a gas chromatograph (Hewlett Packard 5890, Series II Plus) equipped with a capillary 
column and FID detector with H2 as a carrier gas, as described earlier (11). Samples for gas 
chromatographic analysis contained 1 ml of culture supernatant, 100 |-ll i-butyric acid (5.67 mM) as an 
internal standard, 50 |J-l formic acid (98%) and 200 |J,l periodic acid (15%). After centrifugation, samples 
were analyzed.
Formate and succinate were analyzed enzymatically according to the methods described by Boehringer. 
The absorbance was measured at 340 nm.
pH and temperature optimum for growth
The pH and temperature optima for growth of strain VPCX2 were determined in 50 ml of 3% BHI under 
aerobic conditions in 250 ml Erlenmeyer flasks and under anaerobic conditions in 100 ml serum flasks 
with rubber stoppers and aluminium caps under aN2 atmosphere (0.5 atm overpressure). Na2S.9H20  (0.16 
g/l) and cysteine (0.32 g/l) were added to reduce the medium. The pH optimum was determined at 30° C, 
150 rpm within a pH range from 4.0 to 11.0 in buffers of the following composition: 50 mM Na-acetate 
for pH 4.0, and 5.0; 50mMNa-phosphate for pH 5.0, 6.0, 6.5, 7.0; 50 mM Tris-HCl for pH 7.0, 7.5, 8.0,
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8.5, 9.0; 100 mM Na2C0 3 (autoclaved separately) for pH 9.0, 10.0, 11.0. The temperature optimum was 
determined at pH 7.1, 150 rpm from incubations between 24 and 44°C. Growth of the cultures was 
followed by the increase in optical density at 600 nm. Specific growth rates were calculated from the data 
obtained.
Induction of xylanase and CMC-ase activity
A 24 h old culture of strain VPCX2 grown on 3% BHI was used to inoculate (1% v/v) 20 ml of basal 
medium II with 0.5 % (w/v) of the following carbon sources: CMC, xylan (from oat spelts), glucose, 
xylose, homogenized beech litter and Na0H-treated beech litter under aerobic and anaerobic conditions 
as described in the previous section. After 64 h of growth at 30°C, the cultures were centrifuged at
10,000 x g for 10 min at 4°C. The culture supernatants were stored (1 to 4 weeks) at -20°C under aerobic 
conditions until measurements of enzyme activities and protein concentrations were performed.
Enzyme activity assays
Xylanase, CMC-ase, B-glucosidase and FP (filter paper)-ase activity were determined in the culture 
supernatants as decribed by (35). All enzyme reactions were carried out in duplicate at 40°C for 30 min. 
Reducing sugars were determined by the dinitrosalicylic acid method (22), using xylose or glucose as a 
standard.
Protein concentrations were determined with the Bio-Rad protein assay (Bio-Rad Laboratories, 
Richmond, USA) except for the cultures with (Na0H-treated) beech litter as a substrate. In these cultures 
protein concentrations were determined as described by Lowry. Bovin serum albumine was used as a 
standard. Enzyme activities are expressed in U mg protein '. Units are defined as |_lmol reducing sugar 
released per min.
Nucleotide sequence and DSM accession number
The Genbank/EMBL accession number for the 16S rDNA sequence (1457 bp) of strain VPCX2 is 
AF105422. The strain has been deposited at the “Deutsche Sammlung von Mikroorganismen und 
Zellkulturen” and has been assigned accession number DSM 12657.
RESULTS 
Cultivation of Pachnoda marginata larvae
Prior to the enumeration of bacteria from the intestinal tract, P. marginata larvae were fed two 
different diets: filter paper or sterilized beech litter. Sterilization of beech litter reduced the 
appearance of food-derived microorganisms in the counts. Larvae of P. marginata fed filter paper 
were more pale in comparison with the larvae fed beech litter, a more natural substrate for the 
larvae. Apparently, the lignin in beech litter which is not present in filter paper, is partly 
solubilized in the midgut and gives the larvae a darker color. The CH4-production of the active 
larvae kept on both substrates was comparable ranging from 300 to 500 nmol g body w eight1 h 1. 
These individuals were dissected. Bacterial counts in larvae fed filter paper and larvae fed beech 
litter were identical and therefore only the results obtained with the latter are reported (Table 1). 
Redox potentials in freshly prepared midguts and hindguts, measured with a platinum electrode 
(tip diameter 1 mm) and a Ag/AgCl reference electrode (Metrohm, Switzerland), were in the 
range of-100 to -200 mV. This showed that the lumen of the intestinal tract was anaerobic.
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Table 1 Numbers of bacteria in the midgut and hindgut of Pachnoda marginata larvae counted on media 
with different carbon sources
Carbon
source
Aerobica Anaerobica
Hindgut MidgutE Hindgut Midgut
glucose 1.5" 0.2 x 109 1.0 "  0.8 x 108 1.4" 0.7 x 109 9.2 "  0.5 x 106
CMC 2.5" 1.1 x 108 <10 2.7 "  0.9 x 108 <10
xylan 7 .4 "2 .6 x 1 0 8 <10 4.5 "  2.3 x 108 <10
“Values are the mean of the counts from duplicate series of dilutions from two different midguts and hindguts and 
are given as CFU/(ml gut).
bViable plate counts in the midgut were performed under alkaline conditions (see M&M section).
Enum eration and enrichm ent of bacteria
Bacterial counts on glucose in the hindgut were almost a 10 to 100 fold higher in comparison with 
the midgut values (Table 1). Since alkaline conditions are present in the midgut, the bacterial 
counts were performed at high pH. All colonies on plates inoculated from the highest dilutions 
of midgut samples and incubated under aerobic and anaerobic conditions, showed bacteria with 
a streptococ-like morphotype upon microscopic examination. Bacteria with CMC-ase or xylanase 
activity were not detected in the midgut with the viable plate count method.
In contrast, significant numbers of bacteria with CMC-ase and xylanase activity were found in 
the hindgut, representing approximately 20 to 50% of the total numbers of bacteria present. The 
majority of the (hemi)cellulolytic bacteria appeared to be facultatively anaerobic, but also strict 
anaerobic (hemi)cellulolytic bacteria were found (Table 1). Under aerobic conditions, numbers 
of bacteria with CMC-ase or xylanase activity from unsterilized beech litter were up to 106 
bacteria g wet w t1 at pH 7.0, and 2 x 102 bacteria g wet w t1 at pH 10.3. Under anaerobic 
conditions, this number was about 100 times lower at pH 7.0 and none were found at pH 10.3. 
From enrichment cultures a few additional strains with xylanase or CMC-ase activity were 
obtained, including a yeast with low CMC-ase activity (Table 2). When larvae were kept on 
unsterilized beech litter, low numbers (104 - 105 ml g u t1) of actinomycete-type species were 
observed in dilutions of the hindgut samples. Since similar colony types were present in beech 
litter, these were most likely from transient bacteria. Numbers of bacteria in the intestinal tract 
higher than 106 ml g u t1 were regarded as resident species and thus important in digestive 
processes of the insect.
Isolation of (hemi)cellulolytic bacteria
Two dominant species of bacteria with cellulolytic and hemicellulolytic activity were found in 
the hindgut of P. marginata larvae. One of these, represented by strain VPCX2, was found both 
on plates with xylan or CMC as a substrate under aerobic and anaerobic conditions in larvae fed 
(sterilized) beech litter or filter paper. Since colonies of strain VPCX2 on xylan or CMC plates 
penetrated into the agar surface members of this species were easy to identify. Microscopic 
observations, API20B and APIzym tests established that these colonies were identical. Under 
anaerobic conditions, strain VPCX2 was closely associated with a second species of bacteria. 
Only after restreaking aerobically on plates with CMC or xylan, a single colony of strain VPCX2 
was obtained.
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Table 2 Isolates with xylanase and CMC-ase activity from the hindgut of Pachnoda marginata larvae, 
obtained by viable plate counts (VP) on CMC (C) or xylan (X) as a substrate
Isolate CFUa 
(ml gut) 1
Morphology Spores Growthb Xylanase0 CMC-ase0
VPCX 1 2 .9" 1.2x108 irregular - 
shaped
facultative 3 2
VPCX2 3 .8 "0 .9 x 1 0 8 irregular - 
shaped
facultative 3 6
VPX 3 1 .7"0 .5x107 rods - strict
anaerobic
+ +
n.d.:not detectable.
aThe isolates were counted and distinguished on the basis of colony morphology. Counts were not possible for 
the isolates obtained from enrichments.
bFacultative means growth occurred under both aerobic and anaerobic conditions.
cXylanase and CMC-ase activity are expressed as the ratio of the halo diameter:colony diameter, determined 
under aerobic conditions.
On basis of colony morphology a second (hemi)cellulolytic species (represented by strain 
VPCX1) was identified. This type of bacteria were present in comparable numbers as strain 
VPCX2 (Table 2). However, VPCX1-type species did not show detectable levels of CMC-ase 
activity under anaerobic conditions, and under aerobic conditions its xylanase and CMC-ase 
activities were lower than those from the VPCX2-type as determined from the diameter of the 
clearing zone around the colonies (Table 2) and by enzyme analysis after growth in liquid media 
(results not shown). Strain VPCX2 was selected for further characterization and identification.
Identification of strain  VPCX2
Strain VPCX2 was a Gram positive, although readily destained, non-motile, non-spore forming 
facultative anaerobic bacterium. Its shape was irregular, occurring as single cells or in pairs (Fig.
1). In basal medium II with e.g. glucose as a carbon source, nocardioform mycelia-like fringes 
dominated (Fig. 1A, B), whereas in rich media (e.g. BHI), cells were more homogeneously 
distributed. In cultures grown under anaerobic conditions, nocardiofom mycelia-like structures 
were not found. In the exponential phase of growth the bacteria were rod shaped (Fig. 1A, B, D, 
E), while in the stationary phase (after 48 h) short rods and coccoid cells dominated (Fig. 1C, F). 
Rods were (0.4 x 0.6) to (0.6 x 3) |lm  in size, whereas the diameter of cocci was (0.5-0.7) |lm. 
Under aerobic conditions, on plates containing BHI or medium II with glucose, colonies o f strain 
VPCX2 grew on the surface, whereas on plates containing medium II with CMC or xylan, 
colonies penetrated into the agar. Colonies were white, dry and wrinkled, but did not carry aerial 
hypae. Under anaerobic conditions, colonies of strain VPCX2 were smoother. Strain VPCX2 did 
not survive heating at 63 °C for 30 min. The strain utilized acetate as a substrate under aerobic 
conditions after prolonged incubation (96 h). The KOH-test was negative and the strain was 
catalase, oxidase and aminopeptidase positive. The API coryne test showed that strain VPCX2 
reduced nitrate to nitrite and hydrolyzed gelatin. Further it was shown to be urease, 
pyrazinamidase, pyrolidanylarilonidase, alkaline phosphatase, and B-glucuronidase negative. 
Positive reactions were obtained for
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Fig. 1 Phase constrast (A, B, C) and scanning electron micrographs (D, E, F) showing the morphology 
of VPCX2 cells in the exponential (A, B, D, E) and stationary phases of growth (C, F). Phase contrast 
micrographs: magnification 400 x. SEM: Bar= 1 ^m.
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B-galactosidase, a-glucosidase, N-acetyl-B-glucosamidase and esculin positive. The 
peptidoglycan type of strain VPCX2 was A 4a with the following amino acid configuration: L- 
Lys-L-Ser-D-Glu. Fermentation products were formed from glucose, xylose, maltose, lactose 
(weak) and sucrose. To analyze these fermentation products, strain VPCX2 was grown on liquid 
media with glucose or xylose as a substrate. Formate, lactate, ethanol and acetate were produced 
(Table 3). Succinate could not be detected. Further identification using Biolog GP microplates 
and analysis with the different computer programs, revealed that strain VPCX2 belonged to the 
genus Cellulomonas.
Table 3 Fermentation products in the culture fluid of C.pachnodae after growth on glucose and 
xylose
Substrate Formate Lactate Ethanol Acetate Succinate
(mM) (mM) (mM) (mM) (mM)
Glucose 0.69" 0.39 3.01" 0.37 2.34" 0.08 4.10" 0.27 < 0.2a
Xylose 0.53 "  0.20 2.85" 0.14 2.77 "  0.77 5.75" 0.37 < 0.2
aSince the absorbance difference was less than 0.100, the concentration of succinate could not be estimated 
precisely.
In addition to the identification tests decribed above, strain VPCX2 was tested for growth on a 
number of different carbon sources. High cell densities were observed in aerobic cultures with 
beech litter, NaOH pretreated beech litter, xylan, CMC, cellobiose, glucose, xylose and BHI. 
Under anaerobic conditions the cell densities were lower. Strain VPCX2 did not grow in media 
with filter paper, NaOH treated filter paper, or pectin as a substrate and only a slight increase in 
turbidity was observed in cultures with nutrient broth, amylopectin, starch, locust bean gum and 
arabic gum. The pH optimum for growth of strain VPCX2 was between 7.0 and 7.5, and the 
optimum temperature for growth was between 30 and 35°C (Fig.2A, B). Similar pH and 
temperature optima were found under anaerobic conditions (not shown).
Fig. 2 pH (A) and temperature (B) profiles for growth of C. pachnodae under aerobic conditions in 3% 
brain heart infusion broth. Growth was followed at 600 nm. Specific growth rates were calculated from 
the exponential phase of growth.
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Phylogenetic analysis
On the basis of physiological characteristics, strain VPCX2 was classified as a strain belonging 
to the genus Cellulomonas. For further identification of this strain, the 16S rRNA gene was 
amplified from VPCX2 genomic DNA and sequenced.
Sequences of all validly described Cellulomonas species and some other related species obtained 
from searches in the databases were aligned against the sequence of strain VPCX2. Cellulomonas 
species available from the databases with no further species identification, were not used for the 
alignment. They were not identical to strain VPCX2 and did not cluster with the C. cellulans 
group. Gaps at the 5'-end and 3'-end from the aligned sequences, and the nucleotides between 
position 461 to 478 (numbers in the VPCX2 16SrDNA sequence where the primers 500REV and 
517FOR aligned) were omitted from further analysis. The remaining unambigously aligned 1416 
bp were used to construct a phylogenetic tree.
In the phylogenetic tree (Fig. 3), strain VPCX2 clustered with the C. cellulans group, and was 
most closely related to Promicromonospora citrea (bootstrap value 76) and the above mentioned 
actinomycete (strain SR272; bootstrap value 74). The nucleotide similarity values o f strain 
VPCX2 with P. citrea and strain SR272 were 97% for both. Based on its morphotype, VPCX2 
was excluded from the genus Promicromonospora, as P. citrea is strictly aerobic and forms aerial 
mycelia (26), features which were not observed for strain VPCX2. For strain VPCX2, a new 
species isolated from the hindgut of Pachnoda marginata larvae, the name Cellulomonas 
pachnodae sp. nov. is proposed.
Induction of enzyme activities by several substrates
Strain VPCX2 was cultivated on different carbon sources to study the levels of xylanase and 
CMC-ase activity. Under aerobic conditions, xylanase activity was measured in the culture 
supernatants of all the substrates tested (Table 4). Xylanase activity was highest when VPCX2 
was cultivated with xylose as a substrate. Remarkably, no xylanase activity was detected in the 
anaerobic xylose cultures, but in the anaerobic glucose cultures this activity was very high. Under 
aerobic conditions, the use of NaOH-treated beech litter resulted in higher xylanase activities in 
comparison with untreated beech litter as a substrate.
CMC-ase activity was highest in culture media with xylose as a substrate both under aerobic and 
anaerobic conditions. Similar levels of CMC-ase activities were found in the aerobic (NaOH- 
treated) beech litter and xylan cultures under aerobic conditions. Using glucose as a carbon 
source, no CMC-ase activity was detected.
Culture fluids and cell free extracts obtained after growth of VPCX2 on the different substrates 
had no detectable filter paper degrading and B-glucosidase activity (results not shown).
DISCUSSION
P. marginata larvae were found to digest up to 65% of the fibres present in their diet (11). These 
scarab beetle larvae harbour a large number of microorganisms in their intestinal tract, and it was 
assumed that the hindgut microorganisms are involved in the digestion of the food (10,11). Here, 
the presence of (hemi)cellulolytic bacteria in both the midgut and the hindgut of P. marginata 
larvae is investigated. The numbers of bacteria obtained from the midgut and the hindgut samples 
was not influenced by the diet of the P. marginata larvae. Some
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Table 4 Xylanase en CMC-ase activities in the culture fluid of C.pachnodae on different substrates
Xylanase CMC-ase
Substrate Aerobic Anaerobic Aerobic Anaerobic
Beech litter 0.64±0.3a n.d.b 0 .4" 0.1 n.d.
Beech-NaOHc 3.7 ± 0.4 n.d. 0.7 "0.1 0.048 "  0.001
Xylan 2.1 ± 0.9 0.9 ± 0.07 0.5 "  0.03 0.58 "  0.2
CMC 1.9± 0.3 n.d. 6.1 "  1.0 1.3" 0.5
Glucose 6.9 ± 0.2 20 ± 3.1 n.d. n.d.
Xylose 2 0 "  5.4 n.d. 24 "  6.8 16" 6.6
DData are the mean of the enzymes activities in three different cultures "  S.D. Activities are expressed as U.mg 
protein'1.
bn.d.: not detectable, indicating enzyme activity - (substrate blanc + enzyme blanc) < 0.02 U/ml. 
cBeech-NaOH: NaOH treated beech litter as described in the Materials and Method section.
additional actinomycete-like species were found when the larvae were fed unsterilized beech 
litter. However, these species appeared to be present in the feed. Bacteria with (hemi)cellulolytic 
activity were absent in the midgut. Therefore, it seems unlikely that microbial degradation of 
cellulose and hemicellulose occurred in this part of the intestinal tract. The midgut microbial 
population of P. marginata larvae was less diverse in comparison with the hindgut. The dominant 
species showed a typical streptococ-like morphology. These bacteria constituted 10% of the total 
number of bacteria in the midgut counted earlier after DAPI staining (10). The extreme alkaline 
environment present in the midgut would rather function as a predigestive phase of 
lignocellulosic material, by increasing the accessibility of the plant fibres to cellulolytic and 
hemicellulolytic enzymes in the hindgut. A similar function with regard to plant fibre degradation 
was suggested for the alkaline regions found in the midgut of Oryctes nasicornis larvae and in 
the P1 proctodeal region of the intestinal tract of higher termites (3, 7, 8). The endoglucanase, B- 
glucosidase and xylanase activities detected
Fig. 3 Neighbor Joining Dendogram based on the 16 S rDNA sequences of bacteria that were closest 
relatives of Cellulomonas pachnodae (accession number AF105422). Bootstrap values indicate the 
percentages of occurrence of 100 bootstrapped trees. Bar = 1 0  nucleotide substitutions per 100 
nucleotides. The reference nucleotide sequences used are available under the following accession 
numbers: X83803 (C.fimi), X79457 (C. uda), X79461 (C. gelida), X79462 (C. biazotea), X83806 (C. 
turbata), X79459 (C. cellasea), X79455 (C. cellulans), X79458 (C.fermentans), X83799 (C.flavigena), 
AF094701 (C.persica), AF064702 (C. iranensis), X79453 Oerskoviaxanthineolytica,X79454 Oerskovia 
turbata, X83808 (Promicromonospora citrea), X83807 (P. enterophila), X82449 (Arthrobacter 
humiferus), Y08539 (Jonesia limosus), Y08540 (Jonesia thuringensis), X77436 (Curtobacterium 
citreum), X77437 (Curtobacterium luteum), X77434 (Clavibacter michiganese), X77443 
(Microbacterium arborescens), X83405 (Arthrobacter aurescens), X80737 (Arthrobacter citreus), 
X87756 (Micrococcus roseus), X91031 (Brachibacterium alimentarium), X83810 (Brachibacterium 
faecium), X91033 (Brachibacterium nesterenkovii).
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earlier in the midgut (4, 11) most likely originate from the midgut epithelium, but it is not clear 
whether these enzymes are active under alkaline conditions.In contrast to the midgut, considerable 
numbers o f bacteria with CMC-ase and xylanase activity were found in the hindgut, constituting 
20 to 50% of the total number of bacteria determined by viable plate counts and 1.5 to 4% of the 
total number determined by direct counts of DAPI stained cells(Table 1; (10)). In view of the 
latter values the presence and importance of unculturable (hemi)cellulolytic bacteria can not be 
excluded. In addition, several CMC-ase and xylanase positive species of bacteria and a yeast were 
easily obtained from enrichment cultures. This indicates that the hindgut harbors an active 
(hemi)cellulolytic microbial population. Strain VPCX2, which was isolated frequently from the 
hindgut, contained a peptidoglycan type (A4tt), which is also found in the genera Oerskovia, 
Jonesia and Promicromonospora (32) and in Cellulomomas cellulans (26). All other 
Cellulomonas species have a A4B type peptidoglycan. On the other hand the amino acid 
configuration was found in Jonesia denitrificans but not in Cellulomonas, Oerskovia or 
Promicromonospora species (32). However, the morphological, physiological and phylogenetic 
analyses point towards the genus Cellulomonas and not to Jonesia or Oerskovia. Awaiting further 
comparative analyses of chemotaxonomic and phenotypic properties within the forementioned 
genera, we propose the name Cellulomonas pachnodae sp. nov. for strain VPCX2. Since this 
bacterium appeared to be present at high numbers (3.8 x 10s bacteria ml g u t1), and could not be 
isolated from beech litter, C. pachnodae has to be considered as a permanent resident of the 
hindgut microflora. The pH optimum and temperature optima for growth of C. pachnodae (Fig.
2) were in correspondence with the physiological conditions occurring in the hindgut of P. 
marginata larvae (11). The fermentation products formed by C. pachnodae coincide with the 
fermentation products measured in the hindgut ofPachnoda marginata larvae (11). Cellulomonas 
species have only rarely been found in the intestinal tract of insects. C.fimi was isolated from the 
gut of the termite Odontermes obesus (37), but from the results it is not clear whether this 
bacterium was a resident or transient species in the gut. In other termites, a number of Gram 
positive bacteria that may belong to the genus Cellulomonas were also present (30). However, 
most of the Cellulomonas species were isolated from soil (32).
The negative redox potentials, high concentrations of short chain fatty acids and the presence of 
strict anaerobic methanogenic bacteria indicate that an anaerobic environment exists in the 
hindgut of P. marginata larvae (11, 18). These observations were in agreement with 
measurements in Oryctes nasicornis larvae (2). In the lumen of the intestinal tract of termites 
negative redox potentials were also measured. However, towards the gut periphery high oxygen 
concentrations were detected (7, 8). A similar oxygen profile is feasible in the intestinal tract of 
P. marginata larvae. As a consequence facultative anaerobic bacteria are involved in entrapping 
the oxygen. In the intestinal tract of cockroaches, where methanogenesis also occurs, facultative 
anaerobic bacteria were consistently found (13). When the facultative anaerobic C. pachnodae 
isolated here, was grown under anaerobic conditions, it reached higher cell densities and also 
showed higher enzyme activities than under anaerobic conditions (Tables 4). Thus, oxic niches 
in the hindgut could favour cellulose and hemicellulose degradation by this facultative anaerobic 
bacterium.
The ability to hydrolyze cellulose is one of the characteristics of the genus Cellulomonas (25,26, 
32). C. pachnodae had the potential to grow on CMC as a carbon source. However, it was unable 
to grow on filter paper as a substrate, which was also reflected by the absence of exoglucanase- 
activity. In vivo, C. pachnodae encounters plant fibres that are pretreated in the alkaline
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environment of the midgut. It is likely that, C. pachnodae endoglucanases are more active on the 
cellulose fibres occurring in the insect in vivo, since C. pachnodae showed higher endoglucanase 
and xylanase activities when cultivated on alkaline treated beech litter in comparison with 
untreated beech litter (Table 4). Further, symbiosis with different (hemi)cellulolytic bacteria may 
be necessary to degrade cellulose. This was also found among rumen bacteria (21). Since C. 
pachnodae secreted high levels of xylanase activity, xylan (hemicellulose) degradation is a second 
important function of the bacterium in scarab beetle larvae. Highest xylanase and endoglucanase 
activities were found in cultures with xylose as a substrate under aerobic conditions. However, 
under anaerobic conditions xylanase activity was not detected in these cultures. There was no 
explanation for this phenomenon. The levels of the enzyme activities were comparable to the 
levels described for other Cellulomonas species (20, 23, 24, 27). However, high xylanase and 
endoglucanase activities with xylose as a substrate were never observed among other 
Cellulomonas species, since xylose was always inhibitory for these enzyme activities. Since the 
hindgut of P. marginata might form a new source of bacterial (hemi)cellulolytic enzymes, a gene 
library of C. pachnodae will be made to further investigate the xylanases and endoglucanases 
produced by this bacterium in more detail.
Description of Cellulomonaspachnodae
Cellulomonas pachnodae (pach. nó.dae M.L. gen. nov. pachnodae of Pachnoda [Pachnoda 
marginata], referring to the source of the microorganism).
Gram positive, irregular shaped, non-motile cells, which occur as single cells or in pairs. White, 
dry and wrinkled colonies are formed on plates with basal medium II containing glucose. Aerial 
hyphae are not formed. The peptidoglycan type was A4tt, L-Lys-L-Ser-D-Glu. Cells reduced 
nitrate to nitrite, hydrolyzed gelatin and were B-galactosidase, tt-glucosidase, N-acetyl-B- 
glucosamidase, catalase, oxidase and aminopeptidase positive. Cells degraded esculin and acid 
formation was found on glucose, xylose, maltose, lactose and sucrose. Fermentation products on 
glucose and xylose were formate, lactate, ethanol, and acetate. Cells grew aerobically on acetate 
as a substrate and did not survive heating at 63 °C for 30 min. Growth occurred under aerobic and 
anaerobic conditions and was accompanied by secretion of xylanases and endoglucanases. 
Optimum growth at pH 7.0 to 7.5 and temperatures between 30 to 35 ° C. Isolated from the hindgut 
oflarvae of the rose chafer (Pachnoda marginata).
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AB-l,4-endoglucanase encoding gene from 
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Summary
A gene library of Cellulomonaspachnodae was constructed in Escherichia coli and was screened 
for endoglucanase activity. Five endoglucanase positive clones were isolated that carried identical 
DNA fragments. The gene, designated cel6A, encoding an endoglucanase enzyme belongs to the 
glycosyl hydrolase family 6 (cellulase family B). The recombinant Cel6A had a molecular weight 
o f 53 kDa, a pH optimum of 5.5, and a temperature optimum of 50 to 55°C. The recombinant 
endoglucanase Cel6A bound to crystalline cellulose and beech litter. Based on amino acid 
sequence similarity a clear cellulose binding domain was not distinguished. However, the regions 
in the Cel6A amino acid sequence at the positions 262-319 and 448-473, which did not show 
homology to any of the known family 6 glycosyl hydrolases, may be involved in substrate 
binding.
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The conversion of cellulose to soluble products requires the action of exo-B-1,4-glucanases, endo- 
B-1,4-glucanases and B-1,4-glucosidases (2). In herbivorous insects thriving on a lignocellulose- 
rich diet, cellulolytic enzymes may originate from the intestinal microorganisms and/or from the 
host itself (3). In larvae of the rose chafer Pachnoda marginata, the hindgut microbiota are 
considered to be essential for the degradation of hemicellulose and cellulose (4). Recently, a 
dominant (hemi)cellulolytic bacterium, belonging to the genus Cellulomonas was isolated from 
the hindgut of P. marginata larvae (5). On the basis of the 16S rDNA sequence and its 
physiological characteristics, this bacterium appeared to be a new species, which has been named 
Cellulomonas pachnodae. C. pachnodae secretes endoglucanases and xylanases in the 
extracellular medium when cultivated on different substrates. Among the genus Cellulomonas, 
C.fimi has been studied most extensively with regard to its cellulolytic enzymes (19,21,23, 33). 
Several cellulases have been cloned and sequenced from C.fim i and a few other Cellulomonas 
species (1 ,7 , 34). Cellulases often comprise distinct catalytic and binding domains connected 
by a linker sequence rich in proline and/or hydroxyamino acids. Amino acid similarity and 
hydrophobic cluster analysis are used to group catalytic domains and cellulose binding domains 
into different families (9, 12, 18).
Since the hindgut of P. marginata larvae may form a new source of bacterial (hemi)cellulolytic 
enzymes, a gene library of C. pachnodae was made to investigate the endoglucanases produced 
by this bacterium in more detail. An endoglucanase encoding gene of C. pachnodae was cloned 
and sequenced. Homology studies with the deduced amino acid sequence were performed and 
some properties of the recombinant protein were determined.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions
For DNA extraction, Cellulomonas pachnodae (DSM 12657) was cultivated under aerobic conditions at 
30°C in a medium containing: 2 g/l KN03, 2 g/l K2HP04, 2 g/l MgS04.7H20,1g/l KCl, 2 g/l yeast extract, 
and 5 g/l glucose (modified from Fulop et al. (7)). For zymogram analysis, C. pachnodae was cultivated 
in basal medium containing 5 g/l CMC (carboxymethyl cellulose, sodium salt, low viscosity), xylan (from 
oat spelts), or NaOH treated beech litter as described earlier (5).
E. coli XL1-BlueMRF’ (Stratagene) was used as ahost for library construction and subcloning plasmids. 
The BamH! digested and CIAP treated ZAP Express™ vector (Stratagene) and the plasmid pGEM-T 
Easy (Promega) were used for construction of the gene library and subcloning, respectively. E. coli cells 
were grown in LB-medium (Sambrook et al. 1989) supplemented with 50 |-lg/m of ampicillin or 
kanamycin when appropriate at 30°C or 37°C. Solid media contained 15 g/l agar (Difco).
DNA manipulations
Genomic DNA of C. pachnodae was extracted essentially as described by Johnson (14). Plasmid DNA 
was purified with the QIAprep Spin Miniprep Kit, according to the supplier's protocol (QIAGEN). DNA 
fragments were purified from agarose gels with the Geneclean procedure (BI0101) or with the QIAEXII 
Gel Extraction Kit (QIAGEN) as described by the manufacturer.
Construction of a C.pachnodae gene library
Genomic DNA of C. pachnodae was partially digested withBs^143I (MBI, Fermentas, isoschizomer of
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Sau3A) and fragments were separated by agarose gel electrophoresis. Fragments of 2-14 kb were purified 
and ligated into the ZAP Express™ vector according to the supplier's protocol. Phage DNA was packaged 
with Packagene Lambda DNA Packaging System (Promega) and was used to infect E. coli XL1-Blue 
MRF'. The total number of plaque forming units (PFU) in the primary library was 4 x 104. The titer of 
the amplified and excised pBK CMV-phagemid vector was determined. Restriction analysis of a number 
of isolated plasmids revealed that up to 80% of the colonies contained an insert with an average size of 
2.8 kb. It was calculated that the primary library represents 20 times the genome (± 4.5 Mb, (7)). The 
library was spread on plates, containing IPTG and kanamycin and were incubated overnight at 30°C and 
subsequently at room temperature for another 24 h. For the identification of cellulase producing E. coli 
transformants, plates were covered with a soft agar overlay containing CMC (10 g/l agar, 10 g/l CMC). 
Plates were reincubated overnight at 37°C and CMC-ase activity was visualised by Congo red staining
(30).
DNA sequencing and sequence analysis
The nucleotide sequence of both strands was determined using AmpliTaq FS DNA polymerase 
fluorescent dye terminator reactions as recommended by the supplier (Perkin-Elmer). Nucleotide and 
deduced amino acid sequences were analysed with the PCGENE program from Intelligenetics. Related 
sequences were obtained from database searches (SWISSPR0T, PIR, EMBL, Genbank) with the program 
BLAST 2.0 and FASTA. The sequences were aligned by using the program PILEUP (6).
Inverse PCR
To clone the promotor of the cel6A gene, a 570 bp 3stI-1otI fragment was isolated from plasmid pCel3 
and used to synthesise a DIG labelled probe using the DIG High Prime kit (Boehringer). Southern blot 
analyses of genomic DNA of C. pachnodae digested with different restriction enzymes was carried out 
as described in the DIG System User's Guide (1995) from Boehringer. A SalI-fragment of approximately
2 kb hybridised strongly with the DIG labeled probe. Subsequently, SalI-fTagments of 1.5-2.5 kb were 
purified from an agarose gel and ligated at room temperature for 4 h using T4 ligase (Gibco) in order to 
obtain circular SalI-fragments. Two primers in opposite direction corresponding to the 5' end of the 
endoglucanase gene were synthesised: pCel3A, 5'-CCGGCACGGGCGCGGATGCG-3' and pCel3B, 5'- 
CAGCCAGGCGGACTACGAG-3' (Fig. 1). Mixtures for the polymerase chain reaction (PCR) contained 
1 x Super Taq Reaction Buffer (from the supplier), 0.2 mM dNTPs, 500 ng of the primers Cel3A and 
Cel3B, 10-200 ng ligated SalI-fragments, and 1 U of Super Taq polymerase (HT Biotechnology) in a total 
volume of 50 |J,l. In addition, 2.5% (v/v) of dimethylsulfoxide was added to the reaction mixture and 
heated at 98°C for 3.5 min prior to the PCR. The PCR started with 5 min denaturation at 94°C, followed 
by 35 cycles of 1 min at 94°C, 1 min at 55°C and 2.5 min at 72°C. A final extension of10 min at 72°C 
was performed. A PCR product of about 1,500 bp was purified from the PCR mixture with the 
WIZARD™ PCR Preps DNA purification system (Promega), and subsequently cloned in pGEM-T Easy 
(Promega), yielding pCelpro. Plasmid DNA was introduced into E. coli cells by electroporation using a 
Bio-Rad Gene Pulser. Plasmid DNA was purified and subsequently sequencing reactions were performed 
as described above.
Enzyme assays
Cells from an overnight 100 ml culture of E. coli harboring plasmid pCel3 were harvested by 
centrifugation at 15,000 x g for 5 min, resuspended in 5 ml of 100 mM phosphate buffer pH 6.8 and 
sonicated on ice (BransonB12, Danburg, Ct, USA, tipdiameter 3 mm, output 40 W) during 10 periods 
of 30 sec with 30 sec intervals for cooling. Sonicated cells were centrifuged (15,000 xg) and the cell free 
extract (CFE) was used for enzyme assays.
The recombinant enzyme was tested for hydrolyis of CMC and xylan. CMC-ase and xylanase activities 
were assayed at 40 °C for 30 min in 100 mM phosphate-citrate buffer, as described by Teunissen et al.
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(31). Reducing sugars were determined by the dinitrosalisylic acid method (21), using glucose or xylose 
as a standard. Protein concentrations were determined with the Bio-Rad protein assay (Bio-Rad 
Laboratories, Richmond, USA), using bovine serum albumin (BSA) as a standard. 0ne unit of enzyme 
activity was defined as the amount of enzyme activity that releases 1 ^mol of reducing sugar min"1.
Binding capacity, pH and temperature profiles
The substrates xylan (from oat spelts), Avicel PH105 (diameter 0.019 mm) and homogenised beech litter 
were washed 5 times in 100 mM Tris-HCl, pH 7.5, and finally suspended (5%, w/v) in the same buffer, 
prior to the binding assay. Beech litter (collected in a forest near Nijmegen) was homogenised in a 
W aring blender, until pieces were smaller than 4x4 mm. The capacity of the recombinant endoglucanase 
to bind the substrates was assayed as follows: CFE was incubated in 1.5 ml Eppendorf tubes on ice for 
1 h, with an equal volume of substrate, and mixed every 5 min. The substrates were removed by 
centrifugation (15,000 x g) and the supernatant was assayed for residual enzyme activity. The remaining 
substrates were washed 4 times with 100 mM Tris-HCl, pH 7.5, and finally suspended in the same buffer. 
Bound protein was eluted from the substrates with 0.5 ml MilliQ. For the determination of pH and 
temperature optima, recombinant endoglucanase was first bound to Avicel, washed, and subsequently 
eluted with MilliQ as described above.
Zymogram analysis
The supernatant of the C.pachnodae cultures and CFE of E. coli harbouring plasmid pCel3 were analysed 
by SDS polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was performed in vertical 10% 
polyacrylamide gels using the Bio-Rad Mini Protean II™ system in the presence of SDS (0.1% w/v) as 
described by Laemmli (16). The substrate CMC (0.2 %, w/v) was added before polymerisation of the gel. 
Enzyme samples were pretreated with sample buffer (62.5 mM Tris-HCl, pH 6.8, 2.3% (w/v) SDS, 10% 
(w/v) glycerol, 5% (v/v) B-mercaptoethanol and 0.01% (w/v) bromophenol blue) and incubated at 20°C 
for 18 h. The high molecular weight standard, HMW-SDS calibration kit (Pharmacia), and the low 
molecular weight standard, LMW Dalton Mark VII-L™ (MicalCo), were treated as described by the 
manufacturer. Electrophoresis was conducted at room temperature at a constant current (40 mA) until the 
tracking dye reached the bottom of the gel. After electrophoresis, the lanes containing the molecular 
weight standards were stained for protein with Coomassie Brilliant Blue G-250 (Serva, Heidelberg, FRG). 
The remaining part of the gel was subjected to zymogram analysis for the detection of endoglucanase 
activity as described by Teunissen (32). After three washes with 100 mM phosphate-citrate buffer pH 6.0 
, the gels were incubated overnight at 37°C in the same buffer and subsequently stained with Congo red 
(30). The molecular weights of the proteins were estimated using the Bio-Rad GelDoc 1000 Multi Scan 
program.
Nucleotide sequence accession number
The DNA sequence of cel6A has been submitted to the EMBL/Genbank/DDBJ database under the 
accession number AF113404.
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Fig. 1 Schematic representation of the Bsp143I fragment containing cel6A, which was ligated into the 
BamHI site of the multiple cloning site (MCS) of the pBK-CMV phagemid vector (A). The open reading 
frame of cel6A is indicated by an open arrow. The primers Cel3A and Cel3B were used for amplification 
of the promotor region by inverse PCR on a Sail fragment as indicated. The Sall-fragment was ligated 
into pGEMT-easy (B). The nucleotide sequence encoding Cel6A is given in capital letters (C). The GTG 
translational start codon and TAG translational stop codon are shown in boldface letters. The putative 
ribosome binding site is shown in italics. A 14 bp inverse repeat sequence -60 to -46 bp upstream of the 
translational start codon and a possible transcriptional stop signal are underlined. The nucleotides are 
numbered from the GTG start codon.
RESULTS  
Cloning and sequencing o f Cellulomonaspachnodae endoglucanase encoding genes
To characterise the properties of cellulolytic enzymes and the structure of the encoding genes of 
a new Cellulomonas species isolated from the hindgut of rose chafer larvae (5), a genomic library 
in Escherichia coli was constructed. About 12,000 E. coli transformants of the amplified library, 
representing 5 times the size of the genome, were spread on CMC agar plates. Five E. coli 
transformants were found to produce a clear halo. Plasmid DNA was isolated from the CMC-ase 
positive colonies and the size of the inserts was determined by restriction analysis. The insert size 
and the restriction pattern of the five plasmids appeared to be identical and one of the plasmid 
designated pCel3 was selected for further analysis. The nucleotide sequence of the insert was 
2,788 bp long. An open reading frame (ORF) of
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a c g c c c a g g c c c g a g c g g g a c a c a g t g a c a c a c g t c a c g g t g g g a g c g c t  - 6 1  
c c t a c g c g g c g c t t g c t g c c c c g t t g t c a g g c c g a t c j a a j j a j a t c g t t  - 1  
GTGCATCCACCCACCCGCATCCGCGCCCGTGCCGGCGTCGCCGCGGCTGC 60 
CGCGCTCGCGGCGGCCCTCGTCGCCACGCCCGCCTCGGCCCACCCCGGGA 12 0 
AGTCCGCCGACGGCGGTGAGGAGCTCTGGGTGAACCCGAAGAGCTCGATC 18 0 
ACCGAACACCTCCGCACGGAGCATCTCAAGGGTCAGGATCGCGCCGACGC 24  0 
CGAGGCGCTCGCGGGCTACGCCTCGGCATCGTGGTTCACCGGGGGTACGC 30 0 
CGAGCGAGGTGCGCAAGGACGTGCGCGACCAGGTGCGCCGCGCCGACCGC 3 60 
GCCGATGCCGTCCCCACCCTGGTCGCCTACAACCTGCCGTACCGCGACTG 42 0 
CGCCCAGTACTCGGCGGGCGGCGCGGCCAGCCAGGCGGACTACGAGGAGT 480  
GGATCGACGCGTTCGCGGCCGGCATCGGCAACGAGCGGGCGATCGTCATC 54 0 
CTGGAGCCGGACGGCCTCGGGGTCATTCCCTGGTACACGACGATCGACGG 60 0 
GGCCCAGGAGTGGTGTCAGCCGGAGGACGCCGATCCGGCGACCGCGGCCG 6 60 
CTGAGCGGTTCGCGATGTTCAACCACGCCGTCGACGCATTCGGCGCGCTG 720  
CCGAACGCACAGGTGTACCTGGACGCCGGGAACTCGGCGTGGCTGAACGT 7 8 0 
CGGCGAGAACACCGACCGGCTGATCAAGGCGGGGGTGCAGCGGGCCGACG 84 0 
GGTTCTTCCTCAACGCCTCGAACTACCAGTTCACCGAGAACTCCACGGCG 90 0 
TACGGGCACTGGATCTCGTCCTGTATCGAGGTGATCACGCGCGGCCTCGG 9 60 
CGCGGCGGCCGACTGCGGCAACCAGTACTGGAACGGCGGCCCGGCCAACG 102  0 
ACTGGACCGGCGTCGCCATGACCAGGTACGCGCCGTGGACCGCCGGCAAC 10 8 0 
GCGGACCCCGCCGCCGACACGTCAGGTGTCGACTCGAAGTATGCCCAGCA 114  0 
GCTCGGCGACATCGTCCCGACGACGCAGTTCGTCATCGACACCTCGCGCA 12 0 0 
ACGGGGTCGGGCCGTGGGACCCGACGACGTCGGACGTGGAGTACACGGGG 12 60 
GACGCCGAGGACTGGTGCAACCCGCCCGATCGTGGGCTGGGCGCGCGCCC 132  0 
GACGCTCGATGTCGACGACCCGCTCGTGGCCGGCTACCTGTGGATCAAGG 138  0 
TGCCCGGCGAGTCGGACGGGCAGTGCTACCGCAGCCTGGGCGGGCCCCTC 144  0 
GACCCGGAGCGCGGCATGCAGGACCCCGCCGCCGGGCAGTGGTTCGCCGA 150  0 
GCAGGCCCGTGAGCTCATCGAGCTCGCGGTGCCGCCCCTGGAGACGACGC 15 60 
GCGCCGACTGCCGCGGCAAGGGCAAGGGCAACGGCAGCGCCGACGCCAAC 162  0 
GGGAAGGGTCAGGCGAACGGCAAGGGGAACGCCGGTGGCAACGGGCATGG 168  0 
C C A A G G C C A C G G C G G C G T G T A G gccg tc tgaccgaacgcagcc g g g a g t c  17 4 0 
c c g c g a a c c g c g g g g g c c c g g c t g c g t c g c c g t c g g g g g t c a c g a g t g c t  18 0 0 
c g g t c c g t g a g g g t g c c g c g a c a a c t t g a c g c t t g c g a c a g t g g a a a g t a  1 8 6 0  
c t a g c t a t g g t t t c a g g c a t g g a a a g c a c t g a c g c t c g c g  1 9 1 0
1,422 bp was found encoding a polypeptide with a calculated molecular weight o f49,804 Da and 
a p , of 4.44 (Fig. 1). An inverted repeat sequence, CGGGAGTCCCG, which may act as a 
transcription-termination signal, was identified 20 bp downstream of the TAG stop codon. The 
ORF starts with a GTG instead of an ATG translational start codon and is very near the BamHI 
restriction site of the pBK-CMV multiple cloning site used for insertion of genomic fragments. 
The GTG start codon was preceded by a Shine-Dalgarno-type ribosome binding site (Fig. 1C) 
To clone the promotor region of the cel6A gene, an inverse PCR approach was used. Southern 
blot analysis showed that a Sall fragment of approximately 1,800 bp hybridised with the Pstl-Notl 
DIG probe corresponding to the NH2-terminal of deduced polypeptide (Fig. 1). As sequence 
analysis had revealed the presence of four Sall sites within the insert o f pCel3, it was concluded 
that this 1,800 bp Sall fragment comprised the region upstream of the endoglucanase encoding 
gene. The promotor region was amplified using the primers Cel3A and Cel3B and a mixture of 
ligated Sall fragments. A PCR product of the expected size (1,500 bp) was obtained and cloned
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in pGEMT-easy, yielding the plasmid pCelpro. The nucleotide sequence of the pCelpro insert did 
not reveal a different translational start codon with a putative ribosome binding site (RBS) 
upstream of the GTG start codon. Therefore, it was concluded that the complete ORF was present 
in pCel3. An inverted repeat sequence TGGGAGCGCTCCTA was identified between position 
-60 and -46 upstream of the putative GTG translational start codon (Fig. 1C).
Amino acid sequence
Comparison of the deduced amino acid sequence with the primary structures of other microbial 
B-1,4-glycanases in the databases, showed that the endoglucanase of C. pachnodae was 
homologous to family 6 glycosyl hydrolases (cellulase family B). Therefore, the newly derived 
endoglucanase from C. pachnodae was named Cel6A (gene cel6A), according to the suggestions 
ofHenrissat et al. (13).
The homologies of Cel6A to the members of family 6 were low, identities ranging between 23% 
to 32%. The highest scores in the database searches were obtained with endoglucanases of 
Thermomonosporafusca (15), Micromonospora cellulolyticum (17) and Microbispora bispora 
(acc. nr. P26414, unpublished). An alignment of Cel6A with 5 other members of family 6 
glycosyl hydrolases is shown in Fig. 2. A cellulose binding domain (CBD) could not be identified 
in the primary structure of Cel6A (Fig. 2). At position 262-319 of the Cel6A deduced amino acid 
sequence gaps were introduced in the other family 6 cellulases (Fig. 2). In addition, no homology 
to any of the family 6 cellulases was found at position 448-473. Separate comparisons of these 
amino acid sequences with other peptides in the databases did not provide evidence for a putative 
function for these regions. Furthermore, no linker sequence rich in proline and/or hydroxyamino 
acids, connecting a CBD to a catalytic domain, could be distinguished (9). The presence of a 
signal peptide was estimated by the method of von Heijne (11). The identified signal peptide 
appeared tob e3 1  amino acids long, and consisted of a hydrophilic NH2-terminus of10 amino 
acids, including 3 arginine residues, followed by a hydrophobic sequence of 20 amino acids rich 
in alanine residues. The size and composition of the signal peptide are comparable to those 
present in endoglucanases o f T. fusca  (15), M. cellulolyticum (17), M. bispora (acc. nr. P26414, 
unpublished), and C.fim i (33).
C e l 6 A C p a c h VHPPTRIRARAGVAAAAALAA 21
G u n 2 T f u s c a MSPRPLRALLGAAAAALVSA 20
G u n A M b isp MSRIRRFLATALAAATAGVG 20
C e n A M ce l MAILSARRRSAAISVTAVAGLAA 23
G u n l S t r s q MENPRTTPTPTPLRRRRSERRARGGRVLTALTGVTLLAGLAIAPAATGAS 50
C e n A C f im i MSTRRTAAALLAAAAVAVGG 20
C e l6 A C p a c h  ALVATPASAH---------------------------------------------------------------------------------------- 31
G u n 2 T f u s c a  AALAFPSQAAAN-------------------------------------------------------------------------------- --- 32
G u n a M b i s p  AIVTAIASAG---------------------------------------------------------------------------------------- 30
C e n A M ce l  A-------------------------------------------------------------------------------------------------------- --- 24
G u n l S t r s q  PSPAPPASPAPSADSGTADA ------------------------------------------------------------- --- 70
G u n A C f im i  LTALTTTAAQAAPGCRVDYAVTNQWPGGFGANVTITNLGDPVSSWKLDWT 7 0
C e l6 A C p a c h  ----------------------------------------------------------------------------------------------------------- ---31
G u n 2 T f u s c a  ----------------------------------------------------------------------------------------------------------- ---32
G u n a M b i s p  ----------------------------------------------------------------------------------------------------------- ---30
C e n A M ce l  ----------------------------------------------------------------------------------------------------------- ---24
G u n l S t r s q  ----------------------------------------------------------------------------------------------------------- ---70
G u n a C f i m i  YTAGQRIQQLWNGTASTNGGQVSVTSLPWNGSIPTGGTASFGFNGSWAGS 120
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38
32
3 s
36
i s
i i o
81
81
84
8 s
1 2 s
2 1 8
131
131
134
1 3 s
i i s
2 6 1
181
i i s
119
1 i 9
2 1 9
3o8
2 3 6
2 1 6
2 2 o
2 1 9
2 6 o
3 4 6
2 8 6
2 4 o
2 4 4
2 4 6
2 8 3
3 6 9
3 3 6
2 s s
2 s 9
2 6 1
2 9 8
3 8 3
3 8 6
2 9 3
2 9 1
2 9 9
3 3 6
42o
PGKSADG
----------------------------------------------------------------------------------------------- PAHAY
-------------------------------------------------------------------------------- GVLRVGGVAGTV
----------------------------------------------------------------------------------------------- GTTAL
NPTPASFSLNGTTCTGTVPTTSPTPTPTPTTPTPTPTPTPTPTPTVTPOP
g e e l w v n p k s s i t e h l r t e h l k g o d r a d a e a l a g y a s a s w f t g g - t p s e v
DSPFYVNPNMSSAEWVRNNPNDPRTPVIRDRIASVPOGTWFAH-HNPGOI
DSPFYVDPOSNAAKWVAANPNDPRTPVIRDRIAAVPTGRWFAN-YNPSTV
s g s l y r d p s s a v v r w v a a n p g d f r a a v i r e k i a s o p o a r w y a n - f n p s t i
PSMELYRAEAGVHAWLDANPGDHRAPLIAERIGSOPOAVWFAGAYNPGTI 
TSGFYVDPTTOGYRAWOAASGTDKALL— EKIALTPOAYWVGNWADASHA
RKDVRDOVRRADRADAVPTLVAYNLPYRDCAOYSAGGAASOADYEEWIDA
TGOVDALMSAAOAAGKIPILVVYNAPGRDCGNHSSGGAPSHSAYRSWIDE
RAEVDAYVGAAAAAGKIPIMVVYAMPNRDCGGPSAGGAPNHTAYRAWIDE
OSEVSAFIGAANSAOOIPVLSVYEITNRDCGGAHAGGAPDLNOYOTWVSN
t o o v a e v t s a a a a a g o l p v v v p y m i p f r d c g n h s g g g a p s f a a y a e w s g l
OAEVADYTGRAVAAGKTPMLVVYAIPGRDCGSHSGGGV-SESEYARWVDT
* * * *  * ***  ** * *  
FAAGIGNERAIVILEPDGLGVIPWYTTIDGAOEWCOPEDADPATAAAERF
FAAGLKNRPAYIIVEPDLISLMSSCMOHVOOEVL----------ETMAY-AGKAL
IAAGLRNRPAVIILEPDALPIMTNCMSPSEOAEV----------OASAVGAGKKF
FARGLGNOTVLIILETDSLALOT-CLSTSELNAR----------NOALSTATOTI
FAAGLGSEPVVVVLEPDAIPLI-DCLDNOORAER----------LAALAGLAEAV
VAOGIKGNP-IVILEPDALAOLGDCSGOGDRVGF---------------- LKYAAKSL
AMFNHAVDAFGALPNAOVYLDAGNSAWLNVGENTDRLIKAGV-ORADGFF
K------------------ a g s s o a r i y f d a g h s a w h s p a o m a s w l o o a d i s n s a h g i a
K------------------ AASSOAKVYFDAGHDAWVPADEMASRLRGADIANSADGIA
K------------------ SANPNAKVYLDGGHSTWNSANDTANRLRAAGV-OYADGFF
T ------------------ DANPEARVYYDVGHSAWHAPAAIAPTLVEAGILEHGAGIA
TL---------------------- KGARVYIDAGHAKWLSVDTPVNRLNOVGF-EYAVGFA
LNASNYOFTENSTAYGHWISSCIEVITRGLGAAADCGNOYWNGGPANDWT
TNTSNYRWTADEVAYAKAVLSAI----- G-------------------------------------------------
LNVSNYRYTSGLISYAKSVLSAI----- G-------------------------------------------------
TNVSNFNPTSSEANFGRAVISALNGMG------------------------------------------------
TNISNYRTTTDETAYASAVIAEL---------------------------------------------------------
l n t s n y o t t a d s k a y g o o i s o r l ---------------------------------------------------------
* * *  *
GVAMTRYAPWTAGNADPAADTSGVDSKYAOOLGDIVPTTOFVIDTSRNGV
-------------------------------------------------------------------------- NPSLRAVIDTSRNGN
-------------------------------------------------------------------------- ASHLRAVIDTSRNGN
-------------------------------------------------------------------------- ISGKROVIDTSRNGG
-------------------------------------------------------------------------- GGGLGAVVDTSRNGN
---------------------------------------------------------------------------- GGKKFVIDTSRNGN
GPWDPTTSDVEYTGDAEDWCNPPDRGLGARPTLDVDDPLVAGYLWIKVPG
GPAGN-------------------------EWCDPSGRAIGTPSTTNTGDPMIDAFLWIKLPG
GPLGS-------------------------EWCDPPGRATGTWSTTDTGDPAIDAFLWIKPPG
AAGDW-------------------------CADDNTDRRIGOYPTTNTGDANIDAYLWVKPPG
GPLGS-------------------------EWCDPPGRLVGNNPTVNPGVPGVDAFLWIKLPG
GSNG---------------------------EWCNPRGRALGERPVAVNDGSGLDALLWVKLPG
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C e l6 A C p a c h  ESDGQCYRSL-GGPLDPERGMQDPAAGQWFAEQARELIELAVPPLETTRA 4 3 5
G u n 2 T f u s c a  EADG— CIAG-AGQFVPQAAYEMAIAAGGTNPNPNPNP-------------TPTPTP 334
G u n A M b isp  EADG— CIAT-PGVFVPDRAYELAMNAAPPTYSPSPTPS---------- T PS PS P  3 3 9
C e n A M ce l  EADG— C-AT-RGSFQPDLAFSLANGVPNPPTTAPPTTNRADDRPPTTAP 3 4 5
G u n l S t r s q  ELDG— CDGP-VGSFSPAKAYELAGG 3 5 9
G u n A C f im i  ESDGACNGGPAAGQWWQEIALEMARNARW 44 9
C e l6 A C p a c h  DCRGKGKGNGSADANGKGQANGKGNAGGNGHGQGHGGV 4 7 3
G u n 2 T f u s c a  T P T P P P GSSG------------------- ACTATYTIANEWNDGFQATVTV— TANQNIT 3 7 3
G u n A M b isp  SQSDPGSPSPSPSQPPAGRACEATYALVNQWPGGFQAEVTVKNTGSSPIN 3 8 9
C e n A M ce l  PTTDTPTTAPPTTPPPAGNGLSASVAIT-QWNGGFTASVNV— TAGSAIN 392
G u n 2 T f u s c a  GWTVTWTFTDGQTITNAWNADVSTSGSSVTARNVGHNGTLSQGASTEFGF 4 2 3
G u n A M b isp  GWTVQWTLPSGQSITQLWNGDLSTSGSNVTVRNVSWNGNVPAGGSTSFGF 43  9
C e n A M ce l  GWTVTVALPGGAAITGTWNAQASGTSGTVRFTNVGYNGQVGAGQTTNFGF 442
G u n 2 T f u s c a
G u n A M b isp
C e n A M ce l
VGSKGNSNSVPTLTCAAS 4 4 l  
LGS- GTGQLSSSITCSAS 45  6 
QGT-GTGQ-GATATCAA 4 57
Fig. 2 Amino acid alignment of several endoglucanases belonging to family 6 glycosyl hydrolases. 
Alignment was performed using the program PILEUP. Numbering of the amino acids starts at the 
N-termini of the proteins. The glycosyl hydrolases shown and the accession numbers are Cel6ACpach: 
endoglucanase 6A C.pachnodae (AF113404); Gun2Tfusca: endoglucanase E2 Thermomonosporafusca 
(P26222); GunAMbisp: endoglucanase A Microbispora bispora (P26414), CenAMcel: endoglucanase 
AMicromonoporacellulolyticum (S76408); GunlStrsq: endoglucanase 1 Streptomycessp. (strainKSM- 
9) (P13933) CenACfimi: endoglucanase A C.fimi (P07984). Cellulose binding domains are underlined. 
Conserved and identical amino acids are indicated by asterisks (*) and point (.), respectively. Highly 
conserved aspartic acid residues are shown in boldface letters. Gaps are indicated by dashes.
Characterisation o f recombinant Cel6A
Recombinant Cel6A showed CMC-ase activity, but xylanase activity was not detected. Although 
no CBD homologous regions could be identified in the deduced amino acid sequence of Cel6A 
the capacity of binding of recombinant Cel6A was analysed by incubating the enzyme with 
different substrates. No residual enzyme activity was detected in the supernatant after incubation 
with Avicel. After incubation with homogenised beech litter, about 65% of the enzyme was 
bound (Table 1). The yield of enzyme activity eluted with MilliQ from both substrates was low. 
The enzyme did not show any binding to xylan. Apparently, Cel6A contains a cellulose binding 
domain.
The recombinant Cel6A was partially purified using its binding capacity to Avicel. In this way 
a purification factor of about 400 was obtained. The effect of pH and temperature on the CMC- 
ase activity of partially purified Cel6A was determined. The recombinant enzyme showed a pH 
optimum of 5.5. and the CMC-ase activity was highest at a temperature between 50 and 55°C 
(Fig. 3)
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Table 1 Binding of recombinant Cel6A to different substrates
Substrate Addeda After binding Eluted (%)b
Avicel 0.21 0 11
Beech litter 0.21 0.07 7
Xylan 0.21 0.20 -
Control0 0.21 0.21
“Values are the mean of duplicate experiments and are expressed in total units (U) of 
enzyme activity added, and present in the supernatant after adsorption to the substrates 
on ice for 1 h and centrifugation.
bPercentage of Cel6A CMC-ase activity that was eluted with 500 ^l of 
MilliQ from the substrates after 5 washes with 100mM Tris-HCl. 
cControls were without addition of substrate.
0,30 
| 0.20
>.
| 0.10 
<
0.00
pH Temperature (°C)
Fig. 3 Influence of the pH (A) and temperature (B) on the activity of partially purified recombinant 
Cel6A. For the pH profile, the enzyme activity was measured at 50° C in 100mM phosphate-citrate buffer 
adjusted to the right pH. For the temperature profile enzyme activity was measured in 100 mM 
phosphate/citrate buffer pH 5.5 at different temperatures. Values are the mean of duplicate experiments.
Comparison o f C.pachnodae endoglucanases with recombinant Cel6A
Zymogram analysis was carried out to compare the different endoglucanases expressed in C. 
pachnodae cultures with the recombinant Cel6A endoglucanase. In C. pachnodae cultures with 
beech litter or CMC as a carbon source three CMC-ase activity bands were found (Fig. 4). 
Probably, due to substances present in the beech litter cultures, a smear above the largest activity 
band was observed. The molecular weights of the proteins were estimated to be 53, 40 and 37 
kDa.
The recombinant Cel6A endoglucanase showed three bands with endoglucanase activity, with an 
apparent molecular mass o f46, 53 and 68 kDa (Fig. 4). The 46 kDa activity band was not always 
found in other zymogram analyses. One of the activity bands was identical to the size of the 
dominant 53kDa activity band in C. pachnodae cultures. Activity bands were not detected in 
lanes containing the supernatant of a control E. coli culture, harbouring no plasmids (results not 
shown).
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Fig. 4 Endoglucanase activity banding patterns of endoglucanases found in C.pachnodae cultures and 
recombinant Cel6A. lane 1: supernatant beech litter culture, lane 2: supernatant xylan culture, lane 3: 
supernatant CMC-culture, lane 4: CFE ofE. coli harbouring pCel3. Samples contained 0.3 to 0.8 mU of 
CMC-ase activity. Molecular weight markers are indicated by horizontal lines and expressed in kDa.
DISCUSSION
A new endoglucanase encoding gene, cel6A, was isolated from C.pachnodae and expressed in 
E. coli. Cel6A was able to hydrolyse B-1,4-linkages in CMC, but no activity was detected towards 
xylan. On the basis of these observations Cel6A can be classified as an endo-1,4-B-glucanase (EC 
3.2.1.4).
No E. coli transformants with the nucleotide sequence upstream of the start codon of the cel6A 
gene were found. Apparently the Cel6A endoglucanase expression was controlled by the lac= 
promotor. The sequence upstream of the cel6A gene was obtained by inverse PCR. Since no 
inframe ATG codon was found within 290 aa of the putative start codon and the calculated 
molecular weight of the encoding polypeptide coincided with the values from zymogram analysis 
of C. pachnodae culture fluids (Fig. 4), it was assumed the GTG was used as a start codon. In 
addition, a Shine-Dalgarno-type RBS was identified 6 bp upstream of the GTG. Correspondingly, 
the endoglucanase encoding genes cenC and cenD of C.fim i have a GTG start codon (20, 23). 
The inverted repeat sequence identified upstream of the start codon of cel6A was homologous 
to 14 bp inverted repeats found in cellulase encoding genes of Thermomonopsora fusca  and 
Streptomyces species (24,28). These inverted repeat sequences are considered to be abinding site 
for a regulatory protein in cellulases of different Gram positive bacteria with a high G+C content 
(28). The gene encoding endoglucanase Cel6A had a G+C content of 71%, which corresponds 
to the high G+C levels found in genes of other Cellulomonas species (20, 29).
Searches in the databases revealed that Cel6A belongs to family 6 of the glycosyl hydrolases, 
which to date, contains 19 different cellulases from both bacterial and fungal origin. Although 
the overall homology of Cel6A to family 6 glycosyl hydrolases was low, a number of conserved 
regions with high homology could be identified (Fig. 2). Highly conserved amino acids are Asp- 
residues, which were found to be important for the catalytic activity of family 6 cellulases (8,26).
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In the deduced amino acid sequence of Cel6A these were Asp-116, Asp-154 and Asp-347. 
Binding domains, which adsorb to cellulose (CBD) or xylan (XBD), are often linked to either the 
N- or C-terminus of glycosyl hydrolases, and are separated from the catalytic domain by a 
characteristic linker sequence (18; Fig. 2). However, also internal binding domains have been 
found, e.g. XynD from C.fimi contains an internal XBD and a C-terminal CBD (22). On the basis 
of homology a CBD could not be identified in the Cel6A deduced amino acid sequence (Fig. 2). 
However, the regions at the positions 262-319 and 448-473 in the Cel6A deduced amino acid 
sequence could be involved in substrate binding, since biochemical studies revealed that Cel6A 
comprised a CBD. The specific activity of Cel6A eluted from Avicel was increased a 400 times, 
which indicated that the binding was specific. Further, the binding was most likely tight, since 
the yield of enzyme activity eluted with MilliQ from Avicel and beech litter was low. 
Zymogram analysis showed three endoglucanase activity bands in the supernatant of C. 
pachnodae cultivated on beech litter and CMC (Fig. 4). The recombinant Cel6A appeared to be 
identical to the dominant endoglucanase present in culture fluids of in C. pachnodae after growth 
on CMC and beech litter. The activity band of 46 kDa found in the recombinant Cel6A extract 
was not always observed. Therefore, this protein might be a product of protease activity present 
in the E. coli CFE. An apparent aggregate with the recombinant protein could have resulted in 
an activity band with a higher molecular mass than 53 kDa. Also in recombinant Rhodothermus 
marinus endoglucanases such apparent aggregates were observed (10). However, the nature of 
these aggregates is not known. Since screening of the C. pachnodae genomic library revealed the 
presence of one single endoglucanase encoding gene, it was not clear whether the smaller 
endoglucanases found in the culture fluid of C. pachnodae were encoded by different genes. In 
C.fimi cultures, protease activity was observed which resulted in smaller but still active proteins 
(27). Similarly, the smaller endoglucanases may be products of proteolytic cleavage of the Cel6A 
endoglucanase. Alternatively, the smaller endoglucanases may not be found in the library due to 
low enzyme activities or low expression levels of the encoding genes in E. coli. In C.fimi, four 
different endoglucanases have been characterised (19, 20, 23, 33). In contrast, C. pachnodae 
apparently did not secrete many different endoglucanases. The function of the secreted 
endoglucanase activity could be to facilitate the hemicellulose (xylan) degradation in plant cell 
walls by C. pachnodae xylanases, since C. pachnodae was unable to grow on filter paper as the 
sole carbon source (5). Further work will be directed towards analysis of xylanolytic enzymes.
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Summary
Two xylanase encoding genes, denominated xyn11A and xynlOB, were isolated from a 
genomic library of Cellulomonas pachnodae by expression in Escherichia coli. The deduced 
polypeptide, X ynllA , consists of 335 amino acids with a calculated molecular weight of 
34,383 Da. Different domains could be identified in the X yn llA  protein on the basis of 
homology searches. X yn llA  contains a catalytic domain belonging to family l l  glycosyl 
hydrolases, and a C-terminal xylan binding domain, which are separated from the catalytic 
domain by a typical linker sequence. Binding studies with native Xynl lA , and a truncated 
derivative o f X ynllA , lacking the putative binding domain, confirmed the function of the 
two domains. The second xylanase, designated XynlOB, consists of l,l83  amino acids with a 
calculated molecular weight of l24,l36 Da. XynlOB also appears to be a modular protein, but 
typical linker sequences that separate the different domains were not identified. It comprises a 
N-terminal signal peptide, followed by a stretch of amino acids that shows homology to 
thermostabilizing domains. Downstream of the latter domain, a catalytic domain specific for 
family lO glycosyl hydrolases was identified. A truncated derivative of XynlOB bound tighlty 
to Avicel, which was in accordance with the identified cellulose binding domain at the C 
terminus of XynlOB on the basis of homology. Cellulomonas pachnodae, a (hemi)celluloytic 
bacterium, that was isolated from the hindgut of herbivorous Pachnoda marginata larvae, 
secretes at least two xylanases in the culture fluid. Although both X yn llA  and XynlOB had 
highest homology to xylanases from Cellulomonasfimi, distinct differences in the molecular 
organization of the xylanases from the two Cellulomonas species, were identified.
lO5
INTRODUCTION
Xylan, a major component of the plant cell wall, consists of a backbone of B-l,4-linked D- 
xylosyl residues substituted with arabinosyl, acetyl and glucuronosyl residues (39, 4 l). The 
hydrolysis of the xylan backbone involves the action of endo-B-l,4-D-xylanases (EC 3.2.l.8) 
and B-D-xylosidases (EC 3.2.l.37). Recently, a (hemi)cellulolytic bacterium belonging to the 
genus Cellulomonas was isolated from the hindgut of Pachnoda marginata larvae (5). The 
larvae of these herbivorous insects digest their lignocellulose-rich diet (e.g. beech litter) with 
the aid of intestinal microorganisms (l, 4).The bacterium, Cellulomonas pachnodae, secretes 
both xylanase and endoglucanase into the culture medium (5). Thus far, xylanase encoding 
genes from several Cellulomonas species have been cloned and sequenced (2, 7, 8). Detailed 
molecular and biochemical studies were carried out with the xylanases from C .fim i (3, 9, 25,
3l).
Microbial endo-B-l,4-xylanases may consist of multiple discrete domains joined by linker 
sequences (l7 , l 8 , 4 l). In addition to one or more catalytic domains, they may contain 
domains of mainly three types: polysaccharide binding domains, thermostabilizing domains, 
and domains homologous to the NodB protein from nitrogen fixing bacteria. Catalytic 
domains and cellulose- and xylan binding domains of glycosyl hydrolases are grouped into 
families on the basis of amino acid similarity and hydrophobic cluster analysis (l9 , 27). Since 
the hindgut of P. marginata larvae might be a new source of bacterial (hemi)cellulolytic 
enzymes, a gene library of C. pachnodae was constructed in Escherichia coli to investigate 
the xylanases produced by this bacterium in more detail. Here, the isolation of two xylanase 
encoding genes and the comparison of the deduced amino acid sequences with other 
xylanases is described. A few biochemical characteristics of the recombinant xylanases were 
further characterized.
MATERIALS AND METHODS
Bacterial strains, plasmids and culture conditions
Cellulomonas pachnodae (DSM 12657) was isolated from the hindgut of Pachnoda marginata larvae 
as described earlier (5). For DNA extraction, C. pachnodae was cultivated under aerobic conditions 
at 30°C in basal medium (6). For zymogram analysis, C. pachnodae was cultivated in basal medium 
containing 5 g/l CMC (carboxymethyl cellulose, sodium salt, low viscosity, Sigma), NaOH treated 
beech litter or xylan (from oat spelts, Sigma) as described earlier (5).
A BamHI digested and CIAP treated ZAP Express™ vector (Stratagene) was used for the 
construction of a genomic library of C. pachnodae using E. coli XL1-Blue MRF’ (Stratagene) as a 
host. The plasmids pGEM-T Easy (Promega), pTZ 18R (28) and pUC19 (42) were used for 
subcloning. E. coli cells were cultivated in LB-medium (33) at 30°C or 37°C, supplemented with 50 
|-lg/ml of ampicillin or kanamycin if appropriate. Solid media contained 1.5% (w/v) agar (Difco).
Molecular techniques
All molecular techniques were essentially as outlined by Sambrook et al. (33). Genomic DNA of C. 
pachnodae was extracted as described by Johnson (22). DNA fragments were purified from agarose 
gels with the QIAEXII Gel Extraction Kit (QIAGEN). Plasmid DNA was purified with the QIAprep 
Spin Miniprep Kit (QIAGEN). Direct purification of PCR products was carried out with the
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WIZARD™ PCR Preps DNA purification system (Promega). All procedures were carried out as 
described by the manufacturers. Plasmid DNA was introduced into E. coli cells by electroporation 
using a Bio-Rad Gene Pulser. Southern blot analyses using digoxygenin (DIG)-labeled probes were 
carried out as described in the DIG High Prime User's Guide (1995, Roche Molecular Biochemicals). 
Probes were labeled using the DIG-labeling Probe Synthesis Kit or the DIG-High-Prime Kit (Roche 
Molecular Biochemicals)
Primers and PCR-conditions
The following primers were used for the amplification of different DNA fragments described in more 
detail in the following sections. The position on the derived xynllA  and xynlOB nucleotide 
sequences are given between brackets.
Primers derived from xynllA  (see also Fig. 1): pAC3: 5'-ACA-GCA-CCG-GGA-GCA-GCG-GC-3' 
(143-162); pAC4: 5'-GCC-GAT-GGT-GAT-GTT-CGA-CG-3' (671-690, antisense); XCatD 5'-TTT- 
TCT-GCA-GTC-AGG-GCG-GCG-TCG-TCG-TCC-CGC-CG-3' (717-738, antisense). Primers 
derived from xynlOB: pAC13 5'-GGC-GGG-CAT-GGT-GAA-CGT-GCC-3' (1016-996, antisense); 
pAC14, 5'-GTA-CAA-CTC-GGG-CAA-CGT-CTC-3' (1073-1093). Standard primers used: T3- 
primer, T7-primer and SP6 (Gibco).
If not mentioned otherwise the mixtures for the different PCR's contained 1 x Super Taq reaction 
Buffer (from the supplier), 0.2 mM dNTP's, 500 ng of each primers, 10-100 ng plasmid DNA, and 1 
U of Super Taq polymerase (Pharmacia) in a total volume of 50 |il. For the amplification of the 
putative catalytic domain of xynllA, Pwo polymerase (Roche Molecular Techniques) was used and 2 
mM MgS04 was added to the reaction mixture. If not mentioned otherwise the PCR's started with 5 
min denaturation at 94°C, followed by 25 cycles of 1 min at 94°C, 1 min at 50°C, and 2 min at 72°C. 
A final extension of 10 min at 72°C was performed. The amplified PCR products were analyzed with 
agarose gel electrophoresis.
Construction and screening of a C.pachnodae gene library
Genomic DNA of C. pachnodae was partially digested with Bsp143I (MBI, Fermentas, isoschizomer 
of Sau3A) and fragments separated by gel electrophoresis. Fragments in the range of 2-14 kb were 
purified and ligated into the ZAP Express™ vector according to the supplier's protocol (Stratagene). 
Phage DNA was packaged with Packagene Lambda DNA Packaging System (Promega) and was used 
to infect E. coli XL1-Blue MRF'. The total number of plaque forming units (PFU) in the primary 
library was 4 x 104 and 80% of the colonies contained an insert with an average size of 2.8 kb. It was 
calculated that the library harbored 20 times the size of the genome (± 4.5 Mb; 16). The library was 
spread on LB-plates, containing IPTG and kanamycin, which were incubated overnight at 37°C. For 
the identification of xylanase producing E. coli transformants, plates were covered with a soft agar 
overlay containing 7 g/l agar and 10 g/l AZCL (Azurine-Crosslinked)-xylan blue (Megazyme). Plates 
were reincubated at 37°C and xylanase activity was visualized by the formation of a blue zone around 
the colonies. Pure cultures of xylanase positive transformants were obtained after repeated streaking 
of the colonies to fresh LB plates.
DNA sequencing and sequence analysis
The nucleotide sequence of both strands was determined using AmpliTaq FS DNA polymerase 
fluorescent dye terminator reactions as recommended by the supplier (Perkin- Elmer). Sequencing 
products were detected using Applied Biosystems 373 stretch automated sequencer (Applied 
Biosystems Inc., Foster City, CA). Nucleotide and deduced amino acid sequences were analyzed with 
the PCGENE program from Intelligenetics. Related sequences were obtained from database searches 
(SWISSPR0T, PIR, EMBL, Genbank) using the program BLASTP 2.0 and FASTA. The sequences 
were aligned using the program PILEUP (10).
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SmaI fragments of 0.8 kb-1.5 kb were purified from an agarose gel and ligated at room temperature 
for 4 h using T4 ligase (Gibco). The ligated SmaI-fTagments (10-200 ng) and the primers pAC13 and 
in opposite direction pAC14, corresponding to the 5'-end of the truncated xylanase gene in pXyl19 
(Fig. 2B), were used in the PCR. The PCR conditions were as described above, except that 35 cycles 
were carried out and an annealing temperature of 55°C was used. In addition, 2.5% of 
dimethylsulfoxide was added to the reaction mixture and prior to the PCR, the reaction mixture was 
heated for 3.5 min at 98°C.
Enzyme assays
Cells from 100 ml E. coli cultures harboring pXyl6 or pXyl19 grown overnight were harvested at
15,000 x g for 5 min, resuspended in 5 ml 100 mM phosphate buffer pH 6.8 and sonicated on ice for 
10 min with 50% pulse duration (Branson B12, tip diameter 3 mm, output 40 W). The suspension 
was centrifuged (15,000 xg) and the supernatant (cell free extract, CFE) was used for enzyme assays. 
The recombinant enzymes were tested for the ability to hydrolyze CMC and xylan. CMC-ase and 
xylanase activities were assayed at 40°C for 30 min in 100 mM phosphate-citrate buffer pH 6.0, as 
described by Teunissen et al. (27). Reducing sugars were determined by the dinitrosalicylic acid 
method (29), using glucose or xylose as a standard. Protein concentrations were determined with the 
Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, USA), using bovine serum albumine as a 
standard.
Binding capacity, apparent Km and pH and temperature profiles
The substrates xylan (from oat spelts), Avicel PH 105 (diameter 0.019 mm; Serva) and homogenized 
beech litter were washed 5 times in 100 mM Tris-HCl, pH 7.5 and finally suspended in the same 
buffer (5% w/v). Beech litter (collected in a forest near Nijmegen) was homogenized in a Waring 
blender, until pieces were smaller than 4 x 4  mm. The capacity of the recombinant xylanases to bind 
to the substrates was assayed as follows: CFE was incubated in 1.5 ml Eppendorf tubes on ice for 1 h 
with an equal volume of substrate and mixed every 5 min. The substrates were removed by 
centrifugation (15,000 x g) and the supernatant was assayed for residual enzyme activity. The 
remaining substrates were washed 4 times with 100 mM Tris-HCl, pH 7.5. After the last washing 
step, bound protein was eluted from the substrates with 0.5-1.0 ml ofMilliQ. For the determination of 
apparent Km, pH and temperature optima, recombinant Xyn11A was partially enriched. The enzyme 
was incubated with xylan and subsequently eluted with MilliQ as described above. This procedure 
resulted in a 3-fold increase in specific activity. The apparent Km value of Xyn11A against insoluble 
xylan was determined from Lineweaver-Burk plots; the concentration of insoluble xylan (from oat 
spelts) used was 0.1-50 mg/ml.
SDS polyacrylamide gel electrophoresis
The supernatant of the C. pachnodae cultures and CFE of E. coli harbouring pXyl6 or pXyl19, were 
analyzed by SDS polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was performed in 
vertical 10% (w/v) polyacrylamide gels using a Mini Protean II™ system (Bio-Rad) in the presence 
of SDS (0.1%, w/v), as described by Laemmli (24). The substrate, Remazol brilliant blue xylan 
(0.2%, w/v, Sigma), was added before polymerization. Enzyme samples were pretreated with sample 
buffer (62.5 mM Tris-HCl, pH 6.8; 2.3%, w/v SDS; 10%, w/v glycerol; 5%, v/v B-mercaptoethanol 
and 0.01%, w/v bromophenol blue) 18 h at 20°C for zymogram analysis. The high molecular weight 
standard, HMW-SDS calibration kit (Pharmacia) and the low molecular weight standard, LMW 
Dalton Mark VII-L™ (MicalCo) were used as described by the manufacturer. Electrophoresis was 
conducted at room temperature at a constant current (40 mA) until the tracking dye reached the 
bottom of the gel. After electrophoresis, the lanes containing themolecular weight standards were
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stained separately for protein with Coomassie Brilliant Blue G-250 (Serva). The remaining part of the 
gel was subjected to zymogram analysis for the detection of xylanase activity, After three washes 
with 100 mM phosphate-citrate solution pH 6.0, the gel was incubated for 16 h at 37°C in the same 
buffer. Xylanase activity is visualized as light bands against a dark background. The molecular 
weight of the proteins were estimated using the Bio-Rad GelDoc 1000 Muli Scan program.
Nucleotide sequences
The nucleotide sequences for xynllA  and xynlOB are deposited in the EMBL/GENBANK/DDBJ 
databases under the accession numbers AF120156 and AF120157, respectively.
RESULTS 
Cloning o f Cellulomonaspachnodae xylanase encoding genes
About 11,000 E. coli transformants from the amplified library of C. pachnodae were spread 
on AZCL-xylan blue plates. This constituted about 5 times the size of the genome. Among 
the transformants analyzed for xylanase activity, 22 colonies showed xylanase activity. 
Plasmid DNA was isolated from the colonies expressing xylanase activity. Restriction 
enzyme analysis showed that the plasmids, named pXyll-22, contained 9 different inserts 
ranging in size from 2.l to 5.6 kb (results not shown). A PstI site was found in all inserts.The 
plasmid harboring the smallest insert, pXyl6 , was first chosen for more detailed analyses.
Nucleotide sequence o f x yn llA
The complete nucleotide sequence o f the pXyl6 insert was (Fig. l). Translation of the 
nucleotide sequence revealed a single open reading frame (ORF) of l,008 bp, encoding a 
polypeptide of 335 amino acid residues, with a calculated molecular weight of 34,383 Da and 
a p , of 9.9. The proposed translational ATG start codon is preceded by a putative ribosome 
binding site (AAGGGAG). Downstream of the translational stop codon an inverted repeat 
sequence was found which could function as a transcriptional termination signal. Searches in 
the databases revealed that the deduced amino acid sequence from pXyl6 showed extensive 
homology to xylanases belonging to family l l  glycosyl hydrolases (cellulase family G). The 
highest homology (62% identity) was with XynD of C. fim i (3l). The xylanase from C. 
pachnodae was designated X yn llA  (gene xyn llA ), according to the suggestions of Henrissat 
et al. (20).
Xylanase encoding genes
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gATGACGAGAACGATTTCGAGAGCGGCCCACCGGCCGCCGGCAGGCGGGCGGATCGCCCG 59
M T R T I S R A A H R P P A G G R I A R  2 0
CGCACTCGCAGCTGCGGGTGCCACCGTGGCCATGGTGATCGCCGGCGTCGCCGCCGCCCA 119
A L A A A G A T V A M V I A G V A A A O  4 0
pAC3
GCCTGCGGCAGCGGTCGACTCCAACAGCACCGGGAGCAGCGGCGGGTACTTCTACTCGTT 179
P A A A  V D S N S T G S S G G Y F Y S F  60
CTGGACCGACGCCCCCGGCACGGTCTCGATGAACCTCGGCTCCGGAGGCAACTACTCCAC 2 3 9
W T D A P G T V S M N L G S G G N Y S T  80
GTCATGGAGCAACACCGGCAACTTCGTGGCCGGCAAGGGATGGTCCACCGGATCGGCCCG 2 9 9
S W S N T G N F V A G K G W S T G S A R  100
CACCATCTCCTACTCGGGCACGTTCAACCCGTCCGGCAACGCCTACCTGGCCGTCTACGG 359
T I S Y S G T F N P S G N A Y L A V Y G  120
CTGGTCGCACGACCCGCTGGTCGAGTACTACATCGTCGACTCGTGGGGCACCTACCGACC 4 1 9
W S H D P L V E Y Y I V D S W G T Y R P  140
CACGGGCACCTTCATGGGCACCGTCAACAGCGACGGCGGCACCTATGACATCTACAAGAC 479
T G T F M G T V N S D G G T Y D I Y K T  160
GACGCGCACGAACGCCCCGTCCATCGAGGGCACGGCGACGTTCACGCAGTACTGGTCGGT 539
T R T N A P S I E G T A T F T O Y W S V  180
ACGCCAGTCCAAGCGCGTGGGCGGGACCATCACCACCGCCAACCACTTCAACGCGTGGGC 599
R O S K R V G G T  I  T T A N H F N A W A  2 0 0
GTCCCACGGGATGAACCTGGGCCGGCACGACTACCAGATCCTCGCCACCGAGGGCTACCA 659
S H G M N L G R H D Y O I L A T E G Y O  2 2 0  
pAC4
GTCCTCGGGGTCGTCGAACATCACCATCGGCTCGACGTCCGGCGGCGGAGGCAGCGGCGG 719
| S S G S S N I T I G S T S G G G G S G G  2 4 0  
X CatD
CGGGACGACGACGCCGCCCACGAACAACGGCTGCACGGTCCAGGTGACCAAGGGCGACGA 779
| G T T T P P T  N N G C T V O V T K G D E  2 6 0
GTGGGGCGACCGGTTCAACGTGAGCTTCACCGTCTCCGGCTCCTCCTCCTGGAAGGTCGC 839
W G D R F N V S F T V S G S S S W K V A  2 8 0
CATCGCCCTGAGCGGCGGGCAGAGCCTGCAGAATTCGTGGAGCGCCAACGTCACCGGCTC 8 9 9
I A L S G G O S L O N S W S A N V T G S  300
GACCGGCACGCTGACCGCCACCCCCAACGGGTCCGGCAACAGCTTCGGCATCACGGTGTA 959
T G T L T A T P N G S G N S F G I T V Y  320
CAAGAACGGCAGCTCCACGCTGCCCACGGCCACGTGTTCCACCACGTGAgcgcgcgagcc 1 0 1 9
K N G S S T L P T A T C S T T *  3 3 5
a c a t g a g c g g g c a a c c c g c c t g a g c g g g g c g g g c c g g c g t c g c c c a c g c g g c g c c g g c c c  1 0 7 9  
—— — — —  > <
g c t g t c g t c g g c g t c g c c g a c g c a c c g t t c g a c g c c t g c g a g c g c c t c g c a c a g c g c c a c  1 1 3 9
g g c c g g t c g c t g t c g t a c c a c g c g c t c g t a a c g t g g c g a g a c c g g a c g a c g c c g t c c g g c  1 1 9 9
c c g t g c g a a g g a g g c c a c c a t g c c c t t g a c c a c c c a c t c g a c c g t c g g g g a c t g g c t g g a  1 2 5 9
c c a c c c c g t c g g a g g g c c g  1 3 1 9
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Domain structure o f X y n llA
The N terminus of X yn llA  comprises a typical prokaryotic signal peptide of 44 amino acids 
(Fig. l; l2). Furthermore, two distinct domains connected by a linker sequence rich in 
proline, glycine and threonine residues were identified (Fig. l and 2A). The amino acids 45­
233 exhibited significant homology to the catalytic domains of family 11 glycosyl hydrolases 
(Fig. 3A). The highest score (77% identity) was found with the catalytic domain of a xylanase 
from Streptomyces thermoviolaceus (unpublished). The amino acid residues 248-335 had 
highest identities with the xylan (XBD) and cellulose (CBD) binding domains (63% and 65%, 
respectively) o f XynD from C. fim i, respectively (3l). An alignment of this region with 
family II binding domains is shown inFig. 3B.
The function of the putative catalytic domain identified in X yn llA  was investigated in more 
detail. The 5'-region of x yn llA  was amplified by PCR from the phagemid pXyl6 , using the 
primers XCatD and T7 (Fig. 2A). A PCR product of about l,600 bp was purified and ligated 
in pGEM-T Easy. E. coli transformants, showed xylanase activity. Subsequently, this 
fragment was isolated from the plasmid as a l .6 kb +indIII-3stI fragment and cloned in the 
corresponding sites of digested pBK-CMV, yielding pXynllAAC. E. coli transformants, 
harboring pXynllAAC, showed xylanase activity. This indicated that the first 248 amino 
acids in the derived polypeptide o fX y n llA  harbour the catalytic domain.
Fig. 1 Nucleotide sequence of xynllA, its flanking regions and deduced amino acid sequence. The 
putative Shine-Dalgarno-type ribosome binding site is indicated in capital italics and is double 
underlined. The position of the primers pAC3, pAC4, and XCatD is indicated. The amino acids 
underlined at the N-terminal end are the deduced signal peptide. The linker sequence between the 
family 11 catalytic domain and the XBD is boxed. The translational stop codon is indicated by an 
asterix (*). A palindrome is indicated by arrows.
I l l
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Fig. 2 (A): Schematic representation of the Bsp143l fragment containing Xyn11A, which was ligated 
into the BamHl site of the multiple cloning site of the pBK-CMV phagemid vector. The translational 
start codon is indicated by an arrow. The primers pAC3 and pAC4 were used as described in the text. 
Xyn11AAC was amplified from Xyn11A using the primers XCatD and T7.
(B): Schematic representation of Xyn10B and its derivatives Xyn10BAN1 and Xyn10BAN2 encoded 
by Bsp1431 fragments in the phagemids pXyl19 and pXyl22, respectively. The translational start 
codon of is indicated by an arrow. The N-terminal fragment of xynlOB was obtained by cloning of an 
inverse PCR product, yielding pXntB.
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C p a c h X y n l l A
C f im iX y n D
S t h e r m X y n
S l i v X y n B
T f u s c a X y n
VDSNSTGSSGGYFYSFWTDAPGTVSMNLGSGGNYSTSWSNTGNFVAGKGWSTGSA 9 9 
VTSNTTGTHDGYFYSFWTDSPGSVSMDLNSGGGY-TRWSNTGNFVAGKGWSTGGR 97 
DTITSNQTGTHNGYFYSFWTDAPGTVTMNTGAGGNYSTQWSNTGNFVAGKGWATGGR 97 
DTVVTTNQEGTNNGYYYSFWTDSQGTVSMNMGSGGQYSTSWRNTGNFVAGKGWANGGR 9 9 
VTSNETGYHDGYFYSFWTDAPGTVSMELGPGGNYSTSWRNTGNFVAGKGWATGGR 98
*  *  * *  * * * * * *  *  *  *  * *  *  *  *  * * * * * * * * * * *  *
C p a c h X y n l l A  RTISYSGTFNPSGNAYLAVYGWSHDPLVEYYIVDSWGTYRPTGTFMGTVNSDGGTYDIYK 15 9 
C f im iX y n D  KTVSYSGQFNPSRNAYLTLYGWTQSPLVEYYIVDSWGTYRPTGTFMGTVTSDGGTYDIYR 157  
S th e r m X y n  RTVTYSGTFNPSGNAYLALYGWSQNPLVEYYIVDNWGTYRPTGTYKGTVYSDGGTYDIYM 157 
S l i v X y n B  RTVQYSGSFNPSGNAYLALYGWTSNPLVEYYIVDNWGTYRPTGEYKGTVTSDGGTYDIYK 15 9 
T f u s c a X y n  RTVTYSASFNPSGNAYLTLYGWTRNPLVEYYIVESWGTYRPTGTYMGTVTTDGGTYDIYK 158** **** **** *** ******** ******** *** ********
C p a c h X y n 1 1 A
C f im iX y n D
S t h e r m X y n
S l i v X y n B
T f u s c a X y n
TTRTNAPSIEG-TATFTQYWSVRQSKRVGGTITTANHFNAWASHGMNLGRHD-YQILATE 2 1 7  
TQRVNKPSIEGDSSTFYQYWSVRQQKRTGGTITSGNHFDAWASKGMNLGRHN-YMIMATE 2 1 6  
TTRYNAPSIEG-TKTFNQYWSVRQNKRTGGTITTGNHFDAWAAHGMPLGTFN-YMILATE 2 1 5  
TTRVNKPSVEG-TRTFDQYWSVRQSKRTGGTITTGNHFDAWARAGMPLGNFSYYMIMATE 2 1 8  
TTRYNAPSIEG-TRTFDQYWSVRQSKRTSGTITAGNHFDAWARHGMHLGTHD-YMIMATE 2 1 6
*  *  *  *  *  *  * ** ******* ** **** *** *** ** ** *  *  *  *  *
C p a c h X y n 1 1 A
C f im iX y n D
S t h e r m X y n
S l i v X y n B
T f u s c a X y n
GYQSSGSSNITIG 2 3 0  
GYQSSGSSSITVSE 2 3 0  
GYQSSGSSNITVGD 2 2 9  
GYQSSGTSSINVG 2 3 1  
GYQSSGSSNVTLGT 2 3 0****** *
C p a c h X y n 1 1 A
C f im iX y n D
S th e m X y n
S l i v X y n B
T f u s c a X y n
TNNGCTVQVTKGDEWGDRFNVSFTVSGSSSWKVAIALSGGQSLQNSWN 2 94 
GSTGCSVTATRAEEWSDRFNVTYSVSGSSAWTVNLALNGSQTIQASWN 2 92 
NTGGCTATLSAGEQWSDRYNLNVSVSGSDNWTVTMRVPAPEKVMATWN 2 93 
GGCTATVSAGQKWGDRYNLDVSVSGASDWTVTMNVPSPAKVLSNWN 2 93 
PPGGGGCTATLSAGQQWNDRYNLNVNVSGSNNWTVTVNVPWPARIIATWN 2 9 6
*  *  *  *
C p a ch X y n A
C f im iX y n D
S t h e r m X y n
S l i v X y n B
T f u s c a X y n
ANVT-GSTGTLTATPNGSGNSFGITVYKNGSSTLPTATCSTT 3 3 5
ANVT-GSGSTRTVTPNGSGNTFGVTVMKNGSSTTPAATCAGSGGGTATPT 341
VTASYPDAQTLVARPNGNGNNWGVTIQKNGSTTWPTVSCSVG
VNASYPSAQTLTARLNGSGNNWGATIQANANWTWPSVSCSAG
IHASYPDSQTLVARPNGNGNNWGMTIMHNGNWTWPTVSCSAN
3 3 5
3 3 5
338
*  *  *  *  *  *
B
Fig. 3 Alignment of the amino acid sequences of family 11 catalytic domains (A) and xylan binding 
domains (B) of Xyn11A of Cellulomonas pachnodae (this study), XynD of Cellulomonas fimi 
(P54865), a xylanase of Streptomyces thermoviolaceus (D85897), XynB of Streptomyces lividans 
(P26515), and a xylanase of Thermomonosporafusca (U01242). Numbering of the amino acids starts 
at the N termini of the proteins. Conserved and identical amino acids are indicated by asterisks (*) 
and points (.), respectively. Highly conserved glutamic acid residues are shown in boldface letters. 
Gaps are indicated by dashes.
Analysis o f xylanase producing transformants
A PCR was set up to determine whether the 8 remaining plasmids with different insert size 
comprised the same gene as pXyl6 . The PCR was performed using the xynllA-specific 
primers pAC3 and pAC4 and each plasmid as a template. Analysis of the PCR mixtures by 
gel elctrophoresis showed that from 6 plasmids a fragment of 550 bp was synthesized, which
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was identical to the size of the fragment from pXyl6 . The nucleotide sequences of the 550 bp 
fragments and nucleotide sequence data using T3 and T7 primers showed that the 6 remaining 
plasmids harbored the same x yn llA  gene. Furthermore, these plasmids hybridized with a 
DIG-labeled probe synthesized on a l,800 bp SacI-+indIII fragment from pXyl6 (Fig. 2A, 
+indIII-site of the pBK-CMV multiple cloning site) in a dot blot analysis.
Two plasmids, pXyll9 and pXyl22, did not hybridize and a larger fragment (600 bp) was 
obtained from the PCR. The fragments were cloned into pGEM-T Easy and the nucleotide 
sequence and deduced amino acid sequence were determined. These data revealed that both 
pXyll9 and pXyl22 harbored a similar xylanase gene, which was different from x y n l lA .
Nucleotide sequence xynlOB
The insert of pXyll9 was subcloned using PstI and SacI and the complete nucleotide 
sequence was determined. The nucleotide sequence of the pXyll9 insert was 3,32l long and a 
polypeptide could be deduced. However, a translational start codon preceded by 
transcriptional elements could not be identified. Apparently, the fragment in pXyll9 encodes 
an active, but truncated xylanase. To clone the 5'-region of the xylanase encoding gene, an 
inverse PCR approach was used. A DIG-labeled probe using T3-primer and pACl3 was 
developed to clone the 5'-end of the xylanase gene. Southern blot analysis of C. pachnodae 
genomic DNA digested with different restriction enzymes (PvuI, SmaI, KpnI, SstI, SalI) was 
carried out. A SmaI-fragment of about l.2 kb hybridized with the DIG-labeled probe, 
corresponding to the N-terminal end of the xylanase gene. Since sequence analysis had 
revealed the presence of two SmaI sites at position 556 in the pXyll9 insert (Fig. 2B), it was 
concluded that the l,200 bp SmaI-fragment comprised the 5'-terminal end of the xylanase 
gene. The 5'-region was amplified using the primers pACl3 and pACl4 and a mixture of 
circular SmaI fragments. A PCR product of approximately l,l0 0  bp was obtained and cloned 
into pGEM-T Easy, yielding pXntB (Fig. 2B), and sequenced. The nucleotide sequence of 
pXntB was aligned with the nucleotide sequence from pXyll9 which revealed an ORF of 
3,552 bp, encoding an amino acid sequence of l,l8 3  amino acid residues, with a calculated 
molecular weight of l24,l36 Da and a p i  of 4.06. Upstream (6 bp) of the ATG translational 
start codon the sequence GAAGGAG could function as the ribosome binding site. The 
deduced amino acid sequence of the second xylanase from C. pachnodae showed homology 
to xylanases belonging to glycosyl hydrolase family l0  (cellulase family F). Therefore it was 
designated Xynl0B (gene xynlOB; 20). The truncated derivatives of Xynl0B from pXyll9 
and pXyl22 were designated Xynl0BANl and Xynl0BAN2.
Domain structure o f XynlOB
The deduced N-terminal sequence of 58 amino acids contains a sequence similar to the signal 
peptides found in proteins secreted by prokaryotes. The best scores for the putative cleavage 
site were identified at position 53 between the Thr- and Ser-residue, or at position 58, 
between the Ala- and Glu-residue (l2). Comparison of the amino acid sequence ofX ynl0B  to 
those in the protein databases revealed that the mature Xynl0B comprised 5 different 
domains (Fig. 2B). The region between amino acid residues 59 and 388 showed homology to 
thermostabilizing domains in xylanases of thermophilic bacteria (Fig. 4A),
l l4
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C p a c h X y n lO B  WSAVDFEDGTTGTWTQSGSPTLA-------------------- WESPDGADDGQVLSITRAADYEG 108
C f im i X y n C  VSALTFDDGPNGATTTALLDFLAERDIRATFCVIGQNIQAPGGADVLRRIVADGHTL 110  
T s a c c h X y n A  LVSNGDFESGTIDGWIKQGNPTLA-------------------- VTTE-QAIGQYSMKVTGRTQTYEG 8 6
* * * * * *
C p a c h X y n lO B  IQSP-TGIFTPGQTYDFTMRARLAADVA---------------- GTADVRFVGKPGYSWIGNTTISA- 15 8
C f im i X y n C  CNHT-TSYADMGGWTAEQVRADLVENLGIIRDALGDPDAKVPYFRAPNGSWGVTPGVAVA 16 9
T s a c c h X y n A  PAYSFLGKMQKGESYSVSLKVRLVSG--------------QNSSNPLITVTMFREDDNGKHYDTIVW 13 9
*
C p a c h X y n 1 0 B ------------AGWTTVSGSWTAPADATTDTLQAYIGSADLT--------------------------- AAYTLLVDDI 199
C f im i X y n C  LGMQPLAVTNTIDDWSTQDVPTLTSNLRDAMKAGQVVLAHDGGGDRSGTLAAVQTVVDER 22  9
T s a c c h X y n A  QKQVSEDSWTTVSGTYTLDYIGTLKTLYMYVESPDPT------------------------------- LEYYIDDV 184
* * *  * 
C p a c h X y n 1 0 B  VVTTTETSTGEGPAAGTVIADTDFDDQTLQGWVPRQPDDTAPTLAVVAGGADGTGYAAQV 25  9 
C f im i X y n C  LAAGWTFTLPTGGADGGSSVPTGLSNDFEAGLGVWGPRGDAT— VTLSDDAHGGAQAALV 2 8 7
T s a c c h X y n A  VVTT----------QNPIQVGNVIANETFEN--------GNTSGWIGTGSSVVKAVYGVAHSGDYSLLT 2 3 5
* *  *
C p a c h X y n 1 0 B  SDRDSDGDGLQYDVAAAGVSGATLQYEAWVRFADGEP-AGEMTLSARTVNAGATAYSNLS 3 1 8  
C f im i X y n C  AGRTQAWHGIGATVTDVFQTGRTYTVDAWVKLAAGATEPADLRISVQRDNAGESTYDTVT 34 7 
T s a c c h X y n A  TGRTANWNGPSYDLTGKIVPGQQYNVDFWVKFVNGN-DTEQIKATV-KATSDKDNYIQVN 2 93 
* *  * * * *
C p a c h X y n 1 0 B  SISGATNDGWTKVGGTFTMPAGTFTMPAYDTAAELYFETKYNSGNVSTFQV 3 6 9
C f im i X y n C  TATGVTADAWTHVQAQYTMAAA---------------- ESALLYVE------SSSSLASFLV 387
T s a c c h X y n A  DFANVNKGEWTEIKGSFTLPVA-DY----------S G IS IY V E ------SQNPTLEFYI 3 3 5
like XynA of Thermoanaerobacterium saccharolyticum (25% identity; 26) and the 
thermostaobilizing domain identified in XynC of C. fim i (32% identity; 9). The apparent 
catalytic domain extended from the amino acids 389 to 720, which showed extensive 
homology to the catalytic domains of family 10 of the glycosyl hydrolases (Fig. 4B). The 
highest sequence identity (50%) was found with the catalytic domain in XynC of C. fim i (9). 
Comparison of the amino acid sequence from 720 to 880 to other peptides in the databases did 
not reveal a possible function for this region. The amino acids 881-1071 showed homology to 
the CBDs of XylC of C. fim i (47% identity; 9), XynA Thermotoga neapolitana (34% identity; 
41) and XynX Clostridium thermocellum (36% identity, unpublished; Fig. 4C). The C-terminal 
113 amino acids from Xyn10B showed homology to C-terminal ends from chitinases from e.g. 
Aeromonas caviae (35) and cellulases from an alkaliphilic Bacillus strain (15). These amino 
acid sequences were considered to be involved in the binding of the protein to hydrophobic 
substrates (15, 35). Typical linker sequences as found in Xyn11A, were not identified in 
Xyn10B. The highest score for homology of the complete deduced amino acid sequence of 
xynlOB was found with XynC of C.fim i (39% identity; 9).
Binding capacity o f X y n llA  and XynlOB
The capacity of binding of the recombinant xylanases was analyzed by incubating the different 
recombinant enzymes with several substrates (Table 1). Fifty percent o f Xyn11A bound to 
xylan, whereas no binding was identified to Avicel and homogenized beech litter. The 
truncated derivative of Xyn11A, Xyn11AAC, did not bind to any of the substrates. Apparently, 
the region between the amino acid residues 248 and 335 in Xyn11A harbours a
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C p a c h X y n lO B  MGVAIDSR— ETTGSPSDLLLHHFNQITAENSMKVEAWYDADRN------- FRINPDAVSLLD 4 5 1
C f im i X y n C  VGVAIDER— ETVGTGEQLVVKHYDQITAENAMKPESIQPTEGA------- FTFEAGD-ALID 4 67
T s a c c h X y n A  IGVAVDPSRLNDADPHAQLTAKHFNMLVAENAMKPESLQPTEGN------- FTFDNAD-KIVD 42 2
C th e rm X y n X  IGVAVDPSRLNDTDPHAQLTAKHFNMLVAENAMKPESLQPTEGN------- FTFDNAD-RIVD 27  4
T n e a p X y n A  VGVAL-PSKVFINQKDIALISKHSNSSTAENEMKPDSLLAGIENGKLKFRFETAD-KYIE 4 3 3
*  *  *  *  -k
C p a c h X y n lO B  FAAANDVRVYGHVLLWHSQTPDWFF-HARGTALTSSEEDKQFLRDRLKTHIDNVAKAISD 51O 
C f im i X y n C  SAVRNGQRVYGHTLVWHSQTPDWFFTHADGTPLTSSAADQQILRDRMRTHIETVADHYRQ 52 7
T s a c c h X y n A  YAIAHNMKMRGHTLLWHNQVPDWFFQDPSD----- PSKSASRDLLLQRLKTHITTVLDHFKT 47 9
C th e rm X y n X  YAIAHNMKMRGHTLLWHNQVPDWFFQDPSD----- PTKPASRDLLLQRLKTHITTVLDHFKT 3 3 1
T n e a p X y n A  FAQQNGMVVRGHTLVWHNQTPEWFFKD— E ----- NGNLLSKEEMTERLREYIHTVVGHFKG 4 8 8
C p a c h X y n lO B  HSGLFGSDTNPMVAFDVVNEVVSDGNEPGDGLRRSAWYSVLGEEFIPLAFEYADEAFNQT 57O 
C f im i X y n C  KYGEYGTAGNPIVAYDVVNEAIAESE— SDGLRRSRWFEVLGEQYLDLAFQYASQAFN—  5 8 3
T s a c c h X y n A  KYG------- SQNPIIGWDVVNEVLDDN-------- GNLRNSKWLQIIGPDYIEKAFEYAHEA--------  52 7
C th e rm X y n X  KYG------- AQNPIIGWDVVNEVLDDN--------GSLRNSKWLQIIGPDYIEKAFEYAHEA--------  37 9
T n e a p X y n A  K-------------------- VYAWDVVNEAVDPNQ —  PDGLRRSTWYQIMGPDYIELAFKFAREA--------53 6
* ** **  ** * *  * ** * *
C p a c h X y n lO B  YAAEGSDRPVKLFINDYNTEQSA-KQDRYYALVERLLAAGVPVDGVGHQFHASLATPTSS 62 9 
C f im i X y n C  — GGDTDGPVQLFLNDYNTELPA-KRRAMLDVVNRLLARDVPVDGLGHQFHVNLLQPVSQ 64O
T s a c c h X y n A  ------------DPSMKLFINDYNIENNGVKTQAMYDLVKKLKSEGVPIDGIGMQMHININSNIDN 581
C th e rm X y n X  ------------DPSMKLFINDYNIENNGVKTQAMYDLVKKLKSEGVPISGIGMQMHININSNIDN 4 33
T n e a p X y n A  ------------DPNAKLFYNDYN-TFEPKKRDIIYNLVKSLKEKGL-IDGIGMQCHISLATDIRQ 58 8
*  *  *  *  *  *
C p a c h X y n lO B  LDAALTRFAALPVVQ-AVTELDNTV--------------GTPVTEANLIKQGHWYQDAFNVFRSHAD 681
C f im i X y n C  MKASIDAFATTGLLQ-AVTELDAPI--------------DGTVSQEKLVAQGYYYADVFDMLRQYP- 68 9
T s a c c h X y n A  IKASIEKLASL-GVEIQVTELDMNM--------------NGNISNEALLKQARLYKQLFDLFKAEKQ 633
C th e rm X y n X  IKASIEKLASL-GVEIQVTELDMNM--------------NGNVSNEALLKQARLYKQLFDLFKAEKQ 4 85
T n e a p X y n A  IEEAIKKFSTIPGIEIHITELDISVYRDSTSNYSEAPRTALIEQAHKMAQLFKIFKKYSN 64 8
*  *  *  *
C p a c h X y n lO B  DLFSVTVWGLTDARSWRSEQA----- PVLFDGDLQAKQAYFGAAG 721
C f im i X y n C  DLFSVTLWGPYDSRSWR-EGA----- PLPFDDDLQAKPAFWGIVD 73O
T s a c c h X y n A  YITAVVFWGVSDDVTWLSKPNA— PLLFDSKLQAKPAFWAVVD 674 
C th e rm X y n X  YITAVVFWGVSDDVTWLSKPNA— PLLFDSKLQAKPAYWAIAD 52 6 
T n e a p X y n A  VITNVTFWGLKDDYSWRATRRNDWPLIFDKDYQAKLAYWAIVA 687
*  *  *  *
B
xylan binding domain (XBD). Binding studies of X yn llA  in Tris-HCl or phosphate-citrate 
buffer at the optimum pH for activity (pH 6.0) gave similar results (data not shown). In 
XynlOB a binding domain was identified at the C-terminus on the basis of homology. The 
binding capacity was assayed with XynlOBaNI, from E. coli harboring pXyll9. 
Approximately l00% and 20% of the truncated XynlOB was bound after adsorption to Avicel 
and homogenized beech litter, respectively, but no adsorption to xylan was found. Apparently, 
XynlOBANl contains a cellulose binding domain.It was possible to elute the bound 
XynlOB aN I derivative from beech litter with MilliQ (recovery l0%), but not from Avicel. 
Activity o f the recombinant enzymes
Recombinant X yn llA  and XynlOBANl showed activity towards xylan, but no activity was 
found towards CMC. The recombinant X ynllA , produced by E. coli harboring pXyl6 , was 
partially purified as indicated in Materials and Methods. THe enzyme preparation obtained was 
used to determine the apparent Km amd the effect of pH and temperature on the
l l 6
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C p a c h X y n lO B  AQA------- PEIDGQVDDAWADAEWSTGKTVEGG-ADGATAQVRTLWSGDDTLYVLAEVTD 93 6
C f im i X y n C  STA------- PVIDGVVDEAWADAPVLTTDVQVEGT-P-GATAEIRVLW-HDDAVDVLATVAD 938
T s a c c h X y n A  ATAIYGTPVIDGKVDDIWNNVEPISTNTWILGS— NGATATQKMMW-DDKYLYVLADVTD 916
C th e rm X y n X  ATAIYGTPVIDGKIDDIWNKVDAITTNTWVLGS— DGATATAKMMW-DDKYLYVLADVTD 7 68
T n e a p X y n A  ATAKYGTPVIDGEIDDIWNTTEEIETKSVAMGSLEKNATAKVRVLW-DEENLYVLAIVKD 92 7
C p a c h X y n lO B  PVVDVSSADPWNQDSVELFLDLGNTKPAAYGPNVSQMRISADNVTSFGTGDAAAQAARLT 9 9 6 
C f im i X y n C  PVVDETATNAWEQDSVEIFVDPVNAKAGAYTPQDGQYRISASNAQSVS-GDLAVIGERLT 9 97
T s a c c h X y n A  SNLNKSSINPYEQDSVEVFVDQNNDKTTYYENDDGQYRVNYDNEQSFGGS----- TNSNGFK 973
C th e rm X y n X  SNLNKSSVNPYEQDSVEVFVDQNNDKTSYYESDDGQYRVNYDNEQSFGGS----- TNSNGFK 8 2 5
T n e a p X y n A  PVLNKDNSNPWEQDSVEIFIDENNHKTGYYEDDDAQFRVNYMNEQSFGTG----- ASAARFK 9 84
* * ***  * * * *  * * *  *
C p a c h X y n lO B  SATARTDTGYVVELAVTLRGQSGGQDDVALGGADTFQGLDVQVNDGRD-GARYAVHTWAD 1O55
C f im i X y n C  SATALVDGGYVVEASIAL------------GRDVTVGD------LVGLDFQVNDATA-GVRGSVRTWTD 1O47
T s a c c h X y n A  SATSLTQSGYIVEEAIPW TSITPSN---------------- GTIIGFDLQVNNADENGKRTGIVTWCD 1O25
C th e rm X y n X  SATSLTQSGYIVEEAIPWTSITLLN---------------- GTIIGFDLQVNDADENGKRTGIVTWCD 8 77
T n e a p X y n A  TAVKLIEGGYIVEAAIKWKTIKPSP---------------- NTVIGFNVQVNDANEKGQRVGIISWSD 1O36
-k -k -k -k -k -k -k -k -k -k -k -k -k
C p a ch X y n 1 O  PTGTGYQTGARWGVAHL 1O72
C f im i X y n C  PTGRSYQSTARWGVAEL 1O64
T s a c c h X y n A  PSGNSWQDTSGFGNLLL 1O42
C th e rm X y n X  PSGNSWQDTSGFGNLLL 8 94
T n e a p X y n A  PTNNSWRDPSKFGNLRL 1O53
c
Fig. 4 Alignment of the amino acid sequences of thermostabilizing domains (A), family 10 catalytic 
domains (B) and cellulose binding domains (C) of XynlOB of Cellulomonas pachnodae (this study), 
XynC of Cellulomonas fimi (Z50866), XynA of Thermoanaerobacterium saccharolyticum (P36917), 
XynX of Clostridium thermocellum (P38535), and a xylanase of Thermotoga neapolitana (Q60042). 
Numbering starts at the N termini of the proteins. Conserved and identical amino acids are indicated by 
asterisks (*) and points (.), respectively. Highly conserved glutamic acid residues are shown in boldface 
letters. Gaps are indicated by dashes.
xylanase activity. The recombinant enzyme had a pH optimum of 6.0 and the xylanase activity 
was highest at a temperature between 50 and 55°C (Fig. 5). The apparent Km value of X ynllA  
againts oat spelts xylan was 6.2 ±1 .4  mg/ml (n = 3). The maximum reaction rate of this enzyme 
preparation was 6.1 ± 1.6 U/mg.
Comparison o f C. pachnodae xylanases with recombinant X y n llA  and XynlOB
Zymogram analysis was carried out to compare the different xylanases present in C. pachnodae 
culture fluid with the size of recombinant X yn llA  and the molecular weight of the deduced 
polypeptides xyn llA  and xynlOB . In the supernatant of C. pachnodae cultures grown with 
NaOH-treated beech litter or xylan as a substrate, two xylanases with a high molecular weight 
(111 and 120 kDa) and a xylanase of approximately 32 kDa were present (Fig. 6). In the 
supernatant of the xylan cultures the 32 kDa activity band was faint and
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Table 1 Binding ofXynllA, XynllAAC andXynlOBANl to insoluble substrates
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Substrate
Residual activity after binding (total units)a
XynllA XynllAAC Xynl0BANl
Beech litter 0.50b 0.59 0. l l
Xylan 0.27 0.54 0.58
Avicel 0.5l 0.55 0.005
Controlb 0.52 0.53 0.56
aThe following amounts (total units) were added to the solid substrates: Xynl 1A,
0.51 "  0.01 U; XynllAAC. 0.55 "  0.03 U; XynlOBANl, 0.57 "  0.02 U.
“Values are the mean of duplicate experiments and are expressed in total units (U) of 
residual xylanase activity present in the supernatant after adsorption to the substrates on 
ice for l h and centrifugation. Individual enzyme activities did not differ more than 2%. 
EControls were without addition of substrate.
Fig. 5 Influence of the pH (A) and temperature (B) on the activity of partially purified recombinant 
XynllA. For the pH profile, the enzyme activity was measured at 5O°C in lOO mM phosphate-citrate 
buffer adjusted to the right pH. For the temperature profile enzyme activity was measured in lOO mM 
phosphate/citrate buffer pH 6.O at different temperatures. Values are the mean of duplicate 
experiments.
difficult to identify in the supernatant of The activity band of the recombinant X yn llA  
corresponded to the size of the 32 kDa activity band in C. pachnodae cultures. These activity 
bands are in agreement with the calculated molecular weight of the deduced amino acid 
sequence of X yn llA  (34 kDa). The molecular weight of the deduced amino acid sequence of 
XynlOB (124 kDa) corresponds to the size of the largest activity band found in C. pachnodae 
cultures.
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Fig. 6 Zymogram of xylanases found in C. pachnodae culture fluids and of recombinant Xynl 1A. lane 
1: supernatant xylan culture, lane 2: supernatant beech litter culture, lane 3: CFE of E. coli harboring 
pXyl6. Samples contained 0.5 to 1 mU of xylanase activity. Position of molecular weight markers are 
indicated by horizontal lines and expressed in kDa.
DISCUSSION
In this study, two new xylanase encoding genes from the (hemi)celluloytic bacterium, 
Cellulomonas pachnodae were isolated and characterized. The genes of C. pachnodae, 
designated x yn llA  and xynlOB, have a G+C content 70% and 72%, respectively, which 
corresponds to the high G+C levels found in genes of other Cellulomonas species (37). Both 
X yn llA  and XynlOB of C. pachnodae appeared to be modular xylanases, which did not show 
endoglucanase activity. The presence of a N-terminal catalytic domain and a C-terminal xylan 
binding domain in X ynllA , was confirmed by the truncated derivative, XynllAAC. The 
polypeptide XynllAAC, which did not contain the C-terminal 90 amino acids, still showed 
xylanase activity, but had lost the capacity to bind to xylan. There are a few reports on xylan 
binding domains (XBDs) in xylanases. They were also identified in XynA of T .fusca  (2l), 
XynB of S. lividans (35) and XynD of C .fim i (3, 3l). According to the classification of Tomme 
et al. (40) these domains belong to family II of substrate binding domains. Family II CBDs 
contain four strictly conserved thryptophan and two conserved cyteine residues (29, 40). Amino 
acid sequence alignment of family II XBDs showed also two conserved cysteine residues, 
corresponing to Cys-25l and Cys-332 in the deduced amino anid sequence of X yn llA  (Fig. 
3B). In contrast, only three highly conserved thryptophan residues, corresponing to Tryp-26l, 
Tryp-277 and Tryp-293 of X ynllA , could be identified. Likely, the substrate specificity of 
family II binding domains is influenced by the presence or absence of a fourth tryptophan
l l9
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residue.
In contrast to X ynllA , linker sequences separating the different domains were not identified in 
XynlOB, nor were they found in the endoglucanase Cel6A from C. pachnodae (6). Apparently, 
such linker sequences are not essential for the function of distinct domains in glycosyl 
hydrolases. One of the domains identified in XynlOB was a CBD. On the basis of similarity and 
length (l90 amino acids) this CBD can be classified as a family IX binding domain (40). The 
XynlOB CBD bound tightly to Avicel, since it was not possible to elute Xynl0BANl from 
Avicel (Table l). Apparently Xynl0B harbored a high-affinity CBD (l3 , 27, 3l). Although 
most high-affinity CBDs were found in cellulases, they were also present in xylanases from e.g. 
Pseudomonasfluorescens subsp. cellulosa (l3), Cellvibrio mixtus (32) and C .fim i (3l). Many 
microorganisms produce cellulases and xylanases with CBDs and/or XBDs with different 
specificity which would provide these enzymes with multiple ways to attack the complex plant 
fibres.
Extensive homology of X yn llA  with family l l  catalytic domains was found. Amino acid 
sequence alignment showed that the amino acids Glu-l28 and Glu-2l7 of X yn llA  correspond 
to the highly conserved Glu-residues important for catalytic activity in family l l  glycosyl 
hydrolases (Fig. 3A; 23). Also, alignment of Xynl0B with other family l0  catalytic domains 
showed a few regions of highly conserved amino acid sequences (Fig. 4B). The amino acid 
residues important for the catalytic activity of family l 0 glycosyl hydrolases correspond with 
Glu-530, Asp-585 and Glu-648 in the deduced amino acid sequence of Xynl0B (26). E. coli 
cells harboring the plasmid pXyll9 or pXyl22, which were devoid of the N-terminal 325 and 
35lamino acids of Xynl0B respectively, showed xylanase activity. This was in agreement with 
the location of the putative catalytic domain identified in Xynl0B on the basis of homology. 
The N terminus of Xynl0B comprised a domain, which was homologous to thermostabilizing 
domains of xylanases from thermophilic bacteria (Fig. 4A; 26, 43). Also in XynC of C .fim i, 
which showed an optimum temperature for xylanase activity at 60°C, a thermostabilizing 
domain was identified upstream of the catalytic domain (9). There seems no obvious reason, 
why a thermostabilizing domain should be present in enzymes of mesophilic bacteria like C. 
pachnodae and C.fimi. However, it has been shown that thermostabilizing domains also result 
in a general increased stability of these enzymes against proteolytic attack and extremes of pH 
(l4). In both XynD and XynC of C. fim i a region homologous to the NodB protein from 
nitrogen-fixing rhizobia was identified (9, l l ,  32). In XynD this region appeared to be essential 
for the removal of acetyl groups from acetylated xylan (25). Although the highest overall 
sequence identies of X yn llA  and Xynl0B of C. pachnodae were found with XynD and XynC, 
respectively, of C.fim i (9, 3 l), such NodB domains were not identified in X yn llA  or Xynl0B. 
Zymogram analysis showed three bands with xylanase activity in the supernatant of C. 
pachnodae cultures (Fig. 6). Our screening of the C. pachnodae genomic library revealed the 
presence of two different xylanases. The calculated molecular weight of these proteins 
corresponded very well to the l20 kDa and 32 kDa activity bands. It was not clear whether in 
C. pachnodae the xylanase visible at l l l  kDa was encoded by a third gene. In C .fim i cultures, 
protease activity was observed, which resulted in smaller but still active proteins (33) and this 
was also considered to be the case previously in C. pachnodae cultures (6). Therefore, the l l l  
kDa xylanase may be a product of proteolytic cleavage of the l20 kDa protein. Alternatively, 
this xylanase may not be found in the library due to low enzyme activity or low expression level 
of the encoding gene in E. coli. In addition the zymograms showed that the growth substrate
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influenced the amount of the different xylanases in C. pachnodae cultures (Fig. 6). On a 
complex substrate like NaOH-treated beech litter, the intensity of the activity bands of X ynllA  
and Xynl0B were comparable, whereas X y n llA  was hardly detected in the culture fluid with 
xylan as a substrate. However, further studies are needed to elucidate the mechanism that 
regulates the production of the different xylanases in C.pachnodae.
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Summary
Photosynthesis yields up to 136 x 1015 g of dry plant material annually. Major components of 
this plant material are cellulose and hemicellulose. Under anaerobic conditions, these plant 
polymers may be converted to methane and carbon dioxide. The residence time for this 
anaerobic conversion can be a week to months. Nevertheless, in the intestinal tract of 
herbivorous animals, such as the rumen of ruminants or the intestinal tract of some 
herbivorous arthropods, the degradation of (hemi)cellulosic material to short-chain fatty acids 
and methane, takes only one to two days. During more than 300 million year of their 
evolution, arthropods such as termites, cockroaches and scarab beetles have developed a very 
efficient digestive system. In the gastrointestinal tract of these arthropods, complex symbioses 
between bacteria and protozoa exist, and between the microorganisms and their host. The 
hydrolysis of (hemi)cellulose in arthropods does not solely depend on microbial activity. In 
contrast to mammals, arthropods may also produce their own (hemi)cellulolytic enzymes. The 
present thesis examines the role o f microorganisms in the intestinal tract of arthropods to 
degrade plant fibres and their biotechnological potential in the application to degrade plant 
polymers to methane. Furthermore, it is studied whether the intestinal tract of arthropods 
might be a potential source of new bacteria and enzymes.
In Chapter 1, background information is given on the anaerobic degradation of plant polymers 
to methane, and the different mechanisms used by arthropods to hydrolyse (hemi)cellulose 
are emphasized. The structure of cellulose and hemicellulose and the enzymes needed for the 
hydrolysis of these polymers are described.
In Chapter 2, the number of bacteria in the intestinal tract of different species of arthropods 
was determined to obtain information about the significance of intestinal bacteria for the 
digestion of food. Since culture-based enumerations of bacteria may underestimate the total 
numbers present, direct counts of 4',6-diamidino-2-phenylindole (DAPI) stained bacteria from 
the gastrointestinal tract of arthropods were performed. The bacterial counts ranged from 
0.2 to 3.6 x 109 (ml g u t)1 in the foregut, 0.2 to 28 x 109 (ml gu t)1 in the midgut, and 
0.1 to 190x 109 (ml gu t)1 in the hindgut.
The potential role of bacteria in the intestinal tract of different species of arthropods in plant 
fibre degradation is further examined in Chapter 3. Cellulolytic and xylanolytic activities 
were measured in the different parts of the gut. In most arthropods it was likely that cellulase 
activites in the fore- and midgut were produced endogenously, whereas in the hindgut 
microbial cellulolytic activity prevailed. The presence of propionic acid, butyric acid and i- 
valeric acid in the different compartments of the intestinal tract of arthropods, appeared to be 
a good indicator of microbial fermentation. In addition the degree of plant fibre digestion by 
arthropods in vivo was estimated. Three species of arthropods tested, Schistocerca gregaria, 
Eurycanta calcarata and larvae of Pachnoda marginata, digested fibres to a high degree in 
their food (61 - 65%). It was concluded, that S. gregaria and E. calcarata, which possess low 
numbers of bacteria in their intestinal tract, digested plant fibres predominantly with
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endogenously produced enzymes. On the other hand, in P. marginata larvae the digestion of 
plant fibres was more likely to be dependent on cellulolytic enzymes from symbiotic 
microorganisms. Therefore, this latter species of arthropod was selected for further study.
In Chapter 4, the potential of the microbial population from the hindgut of P. marginata 
larvae to degrade plant fibres and produce methane in vitro was examined. The degradation 
rate of plant fibres in cultures inoculated with a hindgut suspension appeared to be 20 to 250 
times lower than the degradation rate in P. marginata larvae in vivo. Apparently, host specific 
conditions influence the degradation of plant fibres to a large extent. In addition, the 
degradation of plant fibres and production of methane and short-chain fatty acid in the 
hindgut cultures with beech litter and filter paper as a substrate were compared to those in 
cultures inoculated with rumen fluid. Degradation of total fibres (NDF) in the hindgut 
cultures was less efficient than in the rumen cultures.
In Chapter 5, the number of (hemi)cellulolytic bacteria in the intestinal tract of P. marginata 
larvae was determined. The intestinal tract of P. marginata larvae consists o f two enlarged 
intestinal segments, the midgut and the hindgut. In the hindgut 2.5 to 7.4 x 10s bacteria per 
ml of gut content with xylanase or endoglucanase activity were found, but in the midgut 
bacteria were not (hemi)cellulolytic. In the midgut, highly alkaline conditions occur, which 
are considered to act as a precellulolytic phase for microbial degradation of the feed in the 
hindgut. A number of different facultative anaerobic and strict anaerobic bacteria with 
(hemi)cellulolytic activity were isolated from the hindgut. The dominant (hemi)cellulolytic 
species was a Gram positive, irregular shaped, facultative anaerobic bacterium. Further 
physiological identifications placed the isolate in the genus Cellulomonas. Comparative 16S 
rDNA analysis and some phenotypic features revealed that the isolate represented a new 
species for which the name Cellulomonas pachnodae was proposed. C. pachnodae produced 
xylanases and endoglucanases on several plant derived polymers, both under aerobic and 
anaerobic conditions.
The cellulolytic and hemicellulolytic enzymes of C. pachnodae were studied in more detail in 
Chapter 6 and Chapter 7. Chapter 6 describes the construction of a gene library of C. 
pachnodae in Escherichia coli which was screened for endoglucanase activity. A new 
endoglucanase encoding gene, designated cel6A, was isolated. The deduced amino acid 
sequence protein Cel6A belongs to glycosyl hydrolase family 6 (cellulase family B). The 
highest homology was found to an endoglucanase of Thermomonospora fusca. The 
recombinant endoglucanase Cel6A bound to crystalline cellulose and beech litter. Two 
regions in the Cel6A amino acid sequence might be involved in substrate binding.
Chapter 7 reports on the isolation of two new xylanase encoding genes, designated xyn llA  
and xynlOB, from the genomic library of C. pachnodae by expression in Escherichia coli. 
Different domains could be identified in the deduced polypeptide Xyn11A. Xyn11A contains 
a catalytic domain belonging to family 11 glycosyl hydrolases, and a C-terminal xylan 
binding domain, which are separated from the catalytic domain by a typical linker sequence. 
The second xylanase, designated Xyn10B, also appears to be a modular protein, harbouring a 
catalytic domain specific for family 10 glycosyl hydrolases. A truncated derivative of
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Xyn10B bound tighlty to Avicel. Although both Xyn11A and Xyn10B of C. pachnodae had 
highest homology to xylanases from Cellulomonas fim i, distinct differences in the molecular 
organization of the xylanases from the two Cellulomonas species were identified.
In conlusion, this thesis shows that the complex microflora in the hindgut of P. marginata 
larvae contributes to an efficient degradation o f plant fibres in vivo. Nonetheless, the 
cultivation of the hindgut microflora in vitro for the degradation of plant fibres to methane 
appears to be more complicated than the cultivation of rumen microorganisms. Likely, also in 
the case of P. marginata larvae, plant fibres may partly be degraded by endogenously 
produced (hemi)cellulolytic enzymes. Significant numbers of (hemi)cellulolytic bacteria were 
isolated from the hindgut o f P. marginata larvae. The identification of a new species of 
bacteria with (hemi)cellulolytic activity, and the cloning and characterization of a new 
endoglucanase and two new xylanase encoding genes from this bacterium, shows that in the 
insect gut new bacteria and enzymes can be found.
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Samenvatting
Jaarlijks levert de fotosynthese 136 x 1015 g droog plantenmateriaal op. De belangrijkste 
componenten van dit plantenmateriaal zijn cellulose en hemicellulose. Het grootste deel van 
deze plantenpolymeren wordt onder aerobe condities afgebroken door verschillende soorten 
micro-organismen zoals bacteriën en schimmels. Een kleiner, maar toch nog aanzienlijk deel 
(5 tot 10% van het totale plantenmateriaal) wordt door micro-organismen onder anaerobe 
condities omgezet in methaan en kooldioxide, het zogenaamde biogas. In anaerobe 
ecosystemen, zoals moerassen en anaerobe afvalzuiveringsinstallaties, kan de anaerobe 
omzetting van plantenpolymeren in biogas een week tot maanden duren. Daarentegen is de 
anaerobe omzettingssnelheid van plantenpolymeren in dierlijke darmstelsels slechts een tot 
twee dagen. In darmstelsels worden plantenpolymeren niet volledig omgezet in methaan en 
kooldioxide, maar worden er tevens kortketenige vetzuren gevormd. Deze kortketenige 
vetzuren passeren het darmepitheel en dienen als energiebron voor de gastheer. In de pens 
van herkauwers en het darmstelsel van een aantal geleedpotigen vindt gedeeltelijke omzetting 
van plantenpolymeren in methaan plaats. Een viertal soorten geleedpotigen herbergen 
methaanbacteriën in hun darmstelsel. Dit zijn kakkerlakken, termieten, miljoenpoten en 
(mei)kevers. In de meer dan 300 miljoen jaar van hun evolutionaire ontwikkeling hebben 
deze geleedpotigen een zeer efficiënt spijsverteringssysteem ontwikkeld. In hun darmstelsel 
worden complexe symbiotische relaties gevonden tussen bacteriën en protozoa, en tussen de 
microorganismen en hun gastheer. In tegenstelling tot zoogdieren, kan een geleedpotige ook 
zelf cellulolytische en hemicellulolytische enzymen produceren voor de hydrolyse van 
(hemi)cellulose en is deze afbraak niet uitsluitend het gevolg van microbiële aktiviteit. In dit 
proefschrift wordt de bijdrage van micro-organismen in het darmstelsel van verschillende 
geleedpotigen aan de afbraak van plantenpolymeren onderzocht, en de mogelijkheid van de 
microbiële darmflora om plantenpolymeren in vitro om te zetten in biogas. Daarnaast werd 
onderzocht of het darmstelsel van geleedpotigen een mogelijk potentiële bron is voor nieuwe 
bacteriën en enzymen.
In Hoofdstuk 1 wordt achtergrond informatie gegeven over de anaerobe afbraak van 
plantenpolymeren in methaan, waarbij wordt ingegaan op de verschillende mechanismen 
waarover geleedpotigen beschikken om plantenpolymeren om te zetten. De structuur van 
cellulose en hemicellulose en de enzymen die nodig zijn voor de hydrolyse van deze 
polymeren worden beschreven.
In Hoofdstuk 2 worden de aantallen bacteriën in het darmstelsel van verschillende soorten 
geleedpotigen bepaald om infomatie te krijgen over mogelijke rol die darmbacteriën in deze 
geleedpotigen spelen in de afbraak van voedsel. Omdat tellingen gebaseerd op het kweken 
van bacteriën het werkelijke aantal dat in natuurlijke ecosytemen aanwezig is, kunnen 
onderschatten, werden er directe tellingen uitgevoerd met 4',6-diamidino-2-phenylindole 
(DAPI) gekleurde bacteriën. De aantallen bacteriën in de verschillende darmdelen die op deze 
manier verkregen werden, varieerden van 0,2 tot 3,6 x 109 (ml darm) 1 in de voordarm, 0,2
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tot 28 x 109 (ml darm) 1 in de middendarm en 0,1 tot 190 x 109 (ml darm) 1 in de einddarm.
De potentiële rol van bacteriën in het darmstelsel van verschillende soorten geleedpotigen in 
de afbraak van plantenvezels werd nader onderzocht in Hoofdstuk 3. Cellulolytische en 
xylanolytische enzymaktiviteiten werden gemeten in de verschillende darmdelen. In de 
meeste geleedpotigen waren de cellulase en xylanase aktiviteiten in de voor- en middendarm 
meest waarschijnlijk afkomstig van de gastheer zelf, terwijl in de einddarm microbieel 
geproduceerde enzymen overheersten. De aanwezigheid van propionzuur, butaanzuur, en L- 
valeriaanzuur bleek een goede indicator te zijn voor het belang van microbiële fermentatie in 
de verschillende darmdelen. Tevens werd in dit hoofdstuk het afbraakpercentage van 
plantenvezels in het voedsel van verschillende geleedpotigen bepaald. Drie van de 
onderzochte geleedpotigen, de sprinkhaan Schistocerca gregaria, de wandelende tak 
Eurycanta calcarata en de larven van de rozenkever Pachnoda marginata verteerden een 
hoog percentage van de plantenvezels in hun voedsel (61-65%). Omdat in alle darmdelen van
S. gregaria en E. calcarata lage aantallen bacteriën gevonden werden, werd aangenomen dat 
de omzetting van plantenvezels in deze geleedpotigen werd bewerkstelligd door enzymen van 
de gastheer zelf. Daarentegen werden in larven van P. marginata de plantenvezels 
voornamelijk afgebroken door (hemi)cellulolytische enzymen afkomstig van symbiotische 
microorganismen in de einddarm. De larven van de rozenkever P. marginata werden daarom 
geselecteerd voor verdere studie.
In Hoofdstuk 4 wordt de potentie van de microbiële populatie uit de einddarm van P. 
marginata larven om in vitro plantenvezels om te zetten in biogas nader onderzocht in batch 
cultures. De afbraaksnelheid van plantenvezels in cultures die waren beënt met een 
einddarmsuspensie bleek 20 tot 250 keer lager te zijn dan de afbraaksnelheid in P. marginata 
larven in vivo. Blijkbaar beschikt de gastheer over factoren (enzymen van de gastheer zelf, 
chemisch/fysische condities) die een hogere afbraak van plantenvezels mogelijk maken. De 
plantenvezelafbraak en produktie van methaan en vetzuren in cultures beënt met 
einddarmsuspensie werden tevens vergeleken met overeenkomstige parameters in cultures 
beënt met pensvloeistof. De afbraak van de totale hoeveelheid plantenvezels en de methaan 
produktie in de einddarm cultures waren minder hoog dan in de pens cultures.
In Hoofdstuk 5 werd het aantal (hemi)cellulolytische bacteriën in het darmstelsel van P. 
marginata larven bepaald. Het darmstelsel van P. marginata larven bestaat uit twee 
vergrootte delen, de middendarm en de einddarm. In de einddarm werden 2,5 to 7,4 x 108 
bacteriën per ml darminhoud met xylanase en/of endoglucanase aktiviteit gevonden, terwijl in 
de middendarm de bacteriën niet (hemi)cellulolytisch waren. In de middendarm heerst een 
sterk alkalisch milieu, waarvan wordt verondersteld dat dit een precellulolytische functie 
heeft om een efficiëntere microbiële afbraak in de einddarm mogelijk te maken. Een aantal 
verschillende facultatief anaerobe en strict anaerobe bacteriën met (hemi)cellulolytische 
aktiviteit werd geïsoleerd uit de einddarm. Een dominante (hemi)cellulolytische soort was een 
Gram positieve, onregelmatig gevormde, facultatief anaerobe bacterie. Op basis van 
fysiologische karakteristieken werd het isolaat bij het genus Cellulomonas geplaatst. Een 
vergelijkende analyse van de ribosomaal 16S rDNA sequentie met andere 16S rDNA 
sequenties in de databanken en een aantal fenotypische eigenschappen lieten zien dat het
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isolaat een nieuwe soort vertegenwoordigde waarvoor de naam Cellulomonas pachnodae 
werd voorgesteld. Onder zowel aerobe als anaerobe condities produceerde C. pachnodae 
xylanases en endoglucanases in cultures met verschillende plantenpolymeren als substraat.
De eigenschappen en samenstelling van de cellulolytische en hemicellulolytische enzymen 
van C. pachnodae werden in meer detail bestudeerd in Hoofdstuk 6 en 7 om inzicht te krijgen 
in hoeverre de enzymen van C. pachnodae afwijken van bestaande enzymen. Hoofdstuk 6 
beschrijft de constructie van een genenbank van C. pachnodae in Escherichia coli, die werd 
gescreend op endoglucanase aktiviteit. Een nieuw endoglucanase coderend gen, cel6A, werd 
geïsoleerd. De afgeleide aminozuur sequentie Cel6A behoort tot glycosyl hydrolase familie 6 
(cellulase familie B). De hoogste homologie werd gevonden met een endoglucanase van 
Thermomonospora fusca. Het recombinante endoglucanase Cel6A vertoonde binding aan 
kristallijn cellulose en beukenloof. Twee regio's in de Cel6A aminozuur sequentie zouden 
betrokken kunnen zijn in substraatbinding.
Hoofdstuk 7 beschrijft de isolatie van twee nieuwe xylanase coderende genen, aangeduid 
xyn llA  en xynlOB, uit de genenbank van C. pachnodae in E. coli. Verschillende domeinen 
konden worden geïdentificeerd in de afgeleide polypeptide Xyn11A. Xyn11A bevat een 
catalytisch domein dat behoort tot glycosyl hydrolase familie 11 en een xylaan bindend 
domein aan de C-terminus, die gescheiden wordt van het catalytisch domein door een 
karakteristieke verbindingssequentie. Het tweede xylanase, Xyn10B, bleek ook een modulair 
eiwit te zijn met een tot glycosyl hydrolase familie 10 behorend catalytisch domein. Een 
onvolledig Xyn10B peptide, Xyn10BAN1, vertoonde hechte binding aan Avicel. Hoewel 
zowel Xyn11A en Xyn10B van C. pachnodae hoogste homologie vertoonden met xylanases 
van Cellulomonas fim i, konden er duidelijke verschillen in de moleculaire organisatie van de 
xylanases van de twee Cellulomonas soorten worden geïdentificeerd.
Conluderend, dit proefschrift laat zien dat de complexe darmflora in de einddarm van P. 
marginata larvae bijdraagt aan een efficiënte afbraak van plantenvezels in vivo. 
Desalniettemin, blijkt het kweken van de microbiële populatie uit the einddarm van P. 
marginata larvae voor de omzetting van plantenvezels in methaan veel moeilijker te zijn dan 
het kweken van pensmicro-organismen. Waarschijnlijk worden in P. marginata larven 
p lan tenvezels ook gedeelte lijk  afgebroken door endogeen geproduceerde 
(hemi)cellulolytische enzymen. Significante aantallen (hemi)cellulolytische bacteriën werden 
geïsoleerd uit de einddarm van P. marginata larven. De identificatie van een nieuwe 
bacteriesoort met (hemi)cellulolytische aktiviteit en de klonering en karakterisering van een 
nieuw endoglucanase en twee nieuwe xylanase coderende genen van C.pachnodae, laten zien 
dat in het darmstelsel van insekten nieuwe bacteriën en enzymen gevonden kunnen worden.
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Nawoord
Voordat ik aan mijn promotieonderzoek begon had ik slechts één keer eerder een kakkerlak in 
levenden lijve gezien. Ik schrok daar toen behoorlijk van. De tweede keer was in het lab van 
Microbiologie waar men mij een bak vól met kakkerlakken liet zien. Een mens went aan alles 
dacht ik meteen, en dat bleek ook zo te zijn. In een kooi lijken ze ook veel minder eng dan 
loslopend in de kelder van het studentenhuis. Toch was ik blij uiteindelijk met een stuk 
langzamer insekt, de rozenkever, te kunnen gaan werken.
Hoewel op de voorkant mijn naam als enige staat geschreven, heb ik dit proefschrift uiteraard 
niet geheel alleen tot stand gebracht, maar hebben velen van dichtbij of op grotere afstand 
bijgedragen aan de totstandkoming ervan. Een aantal mensen wil ik op deze plaats speciaal 
noemen.
Mijn promotor Fried Vogels, die altijd vertouwen in me had en me tot het eind toe heeft 
gesteund. Mijn co-promotor Huub Op den Camp, bedankt voor de goede adviezen en je 
optimisme. Het is goed als er iemand is, die met een gezonde relativerende kijk op de zaak, 
voor jou schijnbaar grote problemen tot aanvaardbare proporties kan terugbrengen. Johannes 
Hackstein maakte me wegwijs in de wondere wereld der insekten. Bedankt,je was een bron 
van een onophoudelijke stroom goede ideeën. Chris van der Drift, bedankt voor het kritisch 
nalezen van de manuscripten. Voor mij wasje een belangrijke spil binnen de vakgroep.
Een deel van mijn onderzoek heb ik uitgevoerd binnen de sectie Industriële Microbiologie 
van Jan de Bont in Wageningen. Jan, bedankt voor de gastvrijheid. Ab van Ooyen, je 
waarschuwingen niet te ambitieus te zijn met mijn plannen voor het onderzoek heb ik ter 
harte genomen. Mijn tweede co-promotor, Jan Verdoes, bedankt voor je geduld en hulp. 
Zonderjou was die tijd niet zo produktief en leerzaam geweest.
Alle collega's in zowel Nijmegen als Wageningen, bedankt voor de goede sfeer, de ideeën en 
hulp bij alle problemen die je zoal tegenkomt op de werkvloer. Het maakte het doen van 
onderzoek een stuk aangenamer. De studenten die aan mijn onderzoek hebben bijgedragen, 
Joep Meijer, Bart Gottenbosch en Wouter Renkema, bedankt voorjullie inzet. Gelukkig hoeft 
er tijdens zo'n promotie niet alleen maar gewerkt te worden. De nodige feestelijke 
gebeurtenissen, zoals lab-uitjes, pre-docs, borrels, kletsavonden met Angela en Monique, 
kerstdiners, Sinterklaasfeesten (met de echte Sinterklaas!), open-Methaantjes, -Protozootjes 
en -Boerderijtjes, waren altijd goed voor de moraal en verhoogden de sfeer op de labs.
Mijn ouders, jullie begrepen misschien niet altijd precies waar ik allemaal mee bezig was, 
maar een beetje kennis van de microbiologie zullenjullie wellicht hebben opgestoken.
Degene die me het meest van iedereen heeft bijgestaan is André. Ik denk dat je net zo blij 
bent als ik dat dit proefschrift nu af is.
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Abstract
Photosynthesis yields upto 136x 1015gof dry plant material annually. Major components of 
this plant material are cellulose and hemicellulose. Under anaerobic conditions, these 
plant polymers may be converted to methane and carbon dioxide. The residence time for this 
anaerobic conversion can be a week to months. Nevertheless, in the intestinal tract ofherbivo- 
rous animals, such as the rumen of ruminants or the intestinal tract of some herbivorous 
arthropods, the degradation of (hemi)cellulosic material to short-chain fatty acids and 
methane, takes only one to two days. During more than 300 million year of their evolution, 
arthropods such as termites, cockroaches and scarab beetles have developed a very efficient 
digestive system. In the gastrointestinal tract of these arthropods, complex symbioses between 
bacteria and protozoa exist, and between the microorganisms and their host. The hydrolysis of 
(hemi)cellulose in arthropods does not solely depend on microbial activity. In contrast to 
mammals, arthropods may also produce their own (hemi)cellulolytic enzymes. The present 
thesis examines the role of microorganisms in the intestinal tract of arthropods to degrade 
plant fibres and their biotechnological potential in the application to degrade plant polymers to 
methane. Furthermore, it is studied whether the intestinal tract of arthropods might be a 
potential source of new bacteria and enzymes.
Stellingen
1. Het in vier jaar tijd willen ontwikkelen van een microbieel plantenvezel-verterend systeem, zoals 
aanwezig in het darmstelsel van insekten, is bijzonder ambitieus: de evolutie deed er miljoenen jaren 
over.
Dit proefschrift
2. Naarmate er meer moleculaire, fysiologische en biochemische eigenschappen van een nieuwe 
bacterie geïdentificeerd zijn, is het moeilijker deze een soortnaam te geven.
Dit proefschrift
3. De endoglucanase component van de hogere termiet Nasutitermes takasagoensis heeft een 4 keer 
hogere Vmax dan de endoglucanases van de lagere termiet Reticulitermes speratus met 
carboxymethyl cellulose (CMC) als substraat. Dit is echter nog geen bewijs dat het N. takasagoensis 
endoglucanase efficienter cellulose afbreekt, daar CMC een kunstmatig substraat is.
Tokuda et al. (1997) Zoological Science 14:83-93
4. Een wetenschappelijke stelling na het lezen van een proefschrift is als een knipoog na een heftige 
vrijpartij: je raakt er niet echt opgewonden meer van.
5. De vaststelling dat promotieonderzoek door velen niet als werkervaring wordt gezien, verdient nader 
onderzoek.
6 . De misvatting dat veel milieuproblemen ten gevolge van het auto- trein- en vliegverkeer op te lossen 
zijn door de aanleg van geluidswallen en de isolatie van woningen, is een vorm van 
struisvogelpolitiek.
7. Voor stoplichten stopt men niet licht.
8 . De geplande aanleg van de A4 tussen Delft en Rotterdam is een schrijnend voorbeeld van het idee 
dat alleen economische groei kan voorzien in de wensen en behoeften van mensen.
9. Vrouwen zijn vrouwen, itiaar mannen zijn mannen.
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